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ABSTRACT
Peroxo heteroligand vanadates(V) represent an interesting me-
tal-peroxo entity, which can serve as a model system for the bio­
chemical interactions of vanadium in living organisms. Heteroli­
gands have been found to affect the stereochemistry as well as the 
redox properties of the complexes. We have prepared and characteri­
zed red-orange oxomonoperoxo vanadates(V) containing heteroligands 
which can be found in living cells. Analysis of these compounds 
agree with the formula MfVO(0^)1 3 .xH^O, for L = malate, citrate, and 
M = K, UH^, Cs, Na, and for L = tartrate and EDTA, M = K, Cs, respec­
tively. The complexes differ in stability, as they decompose upon 
standing by losing peroxides and reducing V(V) to V(IV). In UV/visi­
ble spectra, recorded in aqueous solutions of varying pH, the charge
2-  \transfer bands (V^r-C^ ) are found between 300-450 nm, showing depen­
dence upon the heteroligand and pH. IR spectra reveal characteristic 
frequencies of the coordinated carboxylato and peroxo groups in addi­
tion to terminal V=0 stretchings. X-ray structure analysis of some 
of these compounds are in progress (E. Sinn, et al., at the University 
of Virgina).
The oxoperoxo complex formation of vanadium(V) has been investi­
gated in four other systems containing, lactic, ascorbic, malonic and 
succinic acids. These acids contain more than one potential donor 
group, and are expected to form chelate rings with vanadium. Under 
our experimental conditions, oxoperoxo complexes of vanadium(V) could 
not be obtained. Instead, the reaction mixture would reduce from the 
V(V) to V(IV) state or form various undesired oxo and peroxovanadates 
which do not contain heteroligands at various reaction conditions.
1.0. INTRODUCTION
Vanadium is one of the more interesting elements for it shows 
a diversified chemical behavior with a number of oxidation states, 
and also displays several interesting stereochemical arrangements. 
Its redox potential involving V(V)/V(IV) transitions occur in a 
range (^298 = * ^  which permits interesting electron transfer 
in aqueous solutions, including interaction with peroxides.
It has been known for a long time that vanadium concentrates 
in selected plants and animals. Recently, vanadium has been 
found to be one of the essential metaLs in living organisms, in­
cluding mammals. The specific biochemical functions of vanadium 
still remain unknown. Consequently, the interest in investiga­
ting the toxicity, and medicinal and biochemical functions of vana­
dium has increased.
The peroxo complexes of vanadium(V) represent all the variety, 
difficulty and challenge related to vanadium chemistry. Their pro­
perties provoke special interest to biochemistry because of the
X
strong tendency of vanadium to form peroxo species in an aqueous 
environment.
Heteroligands tend to stablize the coordinated peroxo group(s), 
and polycarboxylic acids are known to serve these functions for 
several transition metals. We have, therefore, chosen to investi­
gate the complexing behavior of vanadium(V) in aqueous solutions 
containing malato, citrato, tartrato, EDTA, lactato, ascorbato, 
malonato and succinato ligands in the presence of hydrogen perox­
ide .
The thesis describing these studies is presented in five sec-
tions. The literature survey gives a broad overview of the ‘basic 
chemistry of vanadium including its significance in biochemistry, 
behavior in aqueous solutions, stereochemistry of various vanadium 
compounds with oxygen and some mono and polydentate ligands, and 
the methods of characterization used to study them. Descriptions 
and the applicability of malic, citric, tartaric acids and EDTA as 
ligands are also surveyed.
In the experimental section, various procedures are undertaken 
to synthesize some of the novel oxoperoxy heteroligand complexes of 
vanadium(V). Descriptions and pertinent observations of the experi­
mental work involving both the materials and methods of characteri­
zation are presented. The results of the study along with the dis­
cussion of their significance are summarized in Section 4* Section 5 
follows with a brief summary of general conclusions from the study.
2
2. REVIEW OF LITERATURE
2.1. BIOLOGICAL ASPECTS OP VANADIUM
Vanadium is found, in a number of biological systems as an 
essential element for Life. A deficiency, as well as an over­
dose of vanadium may lead to various adverse physiological effects. 
Its specific biological functions, however, are not yet clearly 
known. This can be attributed to the fact that vanadium has 
only recently become important to scientists after the discovery 
of its ability to inhibij: Na.K-ATPase (Mg^+ dependent and Ka+ and 
K + stimulated adenosinetriphosphatase) in 1975- Several studies 
have been reported since then which reveal some biological beha­
vior of vanadium.
In most organisms, including man, vanadium exists as a mere 
trace element. There are several plants and animals, however,
L
which concentrate vanadium up to more than a 50 ppm concentrati on 
of their dry weight. In some organisms, specifically ascidians 
or tunicates, vanadium is found in the blood in the form of hae-
as a trace element, and serum vanadium levels may vary from 0.6
Although no one knows for certain what is considered to be 
a normal vanadium level, detremental biological effects can re­
sult from either a deficiency or overdose of vanadium. A defi­
ciency of vanadium may lead to impaired reproductive performance,
movanadium in a concentration equivalent to iron in human blood.^
2
About 18 mg of vanadium is present in an average adult human body
^tmole to 8.0 ^.tfnole Per liter.
3
poor bone development , increased cholesterol levels in plasma, 
and increased plasma glyceride.^ On the other hand, specific 
findings from acute vanadium poisoning, caused from an increased 
vanadium concentration in the body have been found to lead to
nervous disturbances, paralysis of tjie_ hind leg, breathing diffi- 
culties, convulsions, hemorrhaging, and even death. Other spe­
cific physiological effects due to an overdose of vanadium in­
clude cytochemical changes in kidney, liver, lung and bra.in tis­
sue due to decreases in DNA, RNA , and total protein content. 
Histopathalogical changes involve neurosis in the kidneys, alveo­
litis in the lung and cellular edema :in the brain.^
To date, the specific biochemical mechanisms of vanadium 
which result in such physiological effects are not known. How­
ever, various studies regarding its biological behavior have been 
reported. It has been found that extracellular vanadium will 
be in the vanadate V(V) form while intracellular vanadium will
be in the vanadyl V(IV) form. interestingly enough, it happen:
——---- - --— —— —  —  -- -p
that V(V) is more toxic than V(IV). Reducing compounds such
8 \as ascorbic acid, lactic acid and citric acid have been found to
alleviate vanadium toxicity by reducing the highly toxic penta- 
va/Lent vanadium to less toxic tetra or trivalent forms. This, 
in turn, reverses the adverse effects of vanadium to a certain 
extent.
Vanadium readily forms labile coordination chelates with
mono or polydenatate ligands such as phenoxy, hydroxy, imidazole,
2
nitro and cyano groups; preferred are oxygen containing groups,
10
and it even forms stable complexes with peroxides. Since it 
forms such stable complexes with oxygen, it is speculated, that
vanadium’s major function is that of an oxygen carrier as it is
haemovanadin in lower organisms. It has been hypothesized that
transferrin is the carrier protein for VO } in blood since it
has been found to bind stereochemically to the two specific Fe-^ +
binding sites of human serum transferrin, rabbit serum transfer-
11 1 2rin, and lacto ferrin in vivo. There may be a link between
vanadium and iron metabolism.
Vanadium was originally _r_ecognized for its ability to in-
— " —  ■ 3 12hibit the catalytic and transport activities of Na,K-ATPase. •
It has been found that in the physiological environment, vanadium
behaves very similarly to already known ouabain. Ouabain is one
member of a group of compounds called cardiac glycosides, which
are capable of altering the excitability of the heart muscle, a
function dependent on the balance of Na+ and ions across the
13 +
cellular membrane. Ouabain inhibits the transport of Na and
a.
K across the plasma membrane, a Na,K-ATPa.se activity, by bind­
ing to the Na—pump on the extracellular side of the membrane.
Vanadate also blocks Na,K-ATPase activity, maybe in a similar
12 3
manner , but from the cytosolic side.
Chemical similarities between orthovanadate and phosphate 
ions suggest that vanadate may combine with a phosphate site 
to cause the inhibition of the Na-pump. This is supported by 
experiments which show that vanadate facilitates ouabain bind­
ing to the Na-pump in the presense of Mg^+ the same way that in-
1organic phosphate does.
Nevertheless, vanadate is not a selective inhibitor of Na., 
K-ATPase. It has been found that vanadate is also a very effec- 
tive inhibitor of Ca-ATPase (Ca and Mg dependent adenosinetri-
phosphatase) and H,K-ATPase (Mg^+dependent, H+ ion transporting
and K+ stimulated adenosinetriphosphatase). In both of these
cases, vanadates, as with Na,K-ATPase, act from within the inner
3
surface of the cell membrane.^
Another significant finding about vanadium biochemistry is 
its ability to inhibit enzyme systems in the process of carbohy­
drate metabolism. Vanadium may play a role in modifying blood 
glucose levels by mimicking the activity of i n s u l i n . I t  has
been found that the vanadyl(lV) or vanadate(V) ions stimulate
ik
the transport of glucose and 2-deoxyglucose into the cells.
Maximal stimulation of hexose transport due to vanadium alone
is essentially equivalent to the maximum stimulation produced
by insulin in the absence of vanadium.^
Other vanadium related biochemical interactions include
the inhibition of the sythesis of phospholipids, inhibition of
oxidative phosphorylation, interference with the formation and
utilization of mevalonic acid (which inhibits the formation of
cholesterol and the precursors to adrinicortical hormones) ,
alterations of seratonin and cysteine metabolism, and cardiac
3
muscle contractibility. In most of these cases, mechanisms for 
the specific activity of vanadium have yet not been determined.
Although its effects are diverse, vanadium does act in a 
specific manner as is demonstrated by its interaction with spe­
cific enzyme systems, (ie. Na,K-ATPase, H,K-ATPase). Certain 
findings indicate that vanadium effects are strongest in its 
oxidized, toxic stat£, and in reactions involving phosphate 
derivatives.
In many respects, vanadium chemistry is still in its
6
infancy. Perhaps it is the versatile chemical behavior of 
vanadium which attributes to the difficulty of obtaining clear- 
cut answers, however, that is what makes this research so 
challenging and interesting.
2.2. INORG-AINIC CHEMISTRY OF VANADIUM
Vanadium shows a diversified chemical behavior, having a 
number of oxidation states and several interesting stereochemical 
arrangements. In the ground state, vanadium has the electronic 
configuration 3d^4s^. It forms a wide variety of complexes in 
oxidation states from +5 to -1 , +5 and +4 being the most stable. --5 
The oxidation states and stereochemistries for vanadium are sum­
marized in Table 1 .
Vanadium readily reacts with oxygen to form, vanadium oxides.
Various oxides of vanadium have been prepared ranging from VO.,
V0o , and V-CU to oxides of other V:0 ratios, with Vo0 - xbeing the
£  &  j  v c , . . . .  j  /
1 *5 xmost stable. v readily dissolves in acids and bases, and in
acidic solutions, it behaves as a strong oxidizing agent. When
dissolved in basic solutions, it gives colorless solutions con- 
- —
taining vanadate ions. By varying the pH and temperature of 
the solution, and using various metal oxides, ^2^5 can re(^ uce  ^
to any other lower oxidation state of vanadium.
Aaueous chemistry of vanadium is extremelv__ oH and concen- 
trati.o.n_d.e.p-en'dent, and vanadates may undergo a series of reac­
tions at varied pH ranges. At a certain pH range, specific 
anions predominate in the aqueous solution. This is outlined in
TABLE 1
1 c 22Oxidation States and Streochemistry of Vanadium
Oxidation
state
Coordination
number Geometry Examples
V-1 6 Octahedral V(CO)6_
v° 6 Octahedral V(CO)6
v 1 , cd 6 Octahedral Cv ( b i p y ) +
v 1 1 , ^ 6 Octahedral Cv(CN)6f "
V111, d2 6 .Octahedral Cv(c2oi+)3 ]3 '
V IY . d1 4 Tetrahedral v c i ^
5 Sq. pyramidal VO(acac)£
6 Octahedral V02 , v c i / -
v v 6 Octahedral V 205 , p 0 2 ox£J
7
*
pbp i^Cvo(o2)2c 2o ^
* Pentagonal bipyramid
8
Figure 1 .
It has been found that free vanadium ions will exist as
     1   .   :_________________________
hydrated monomeric forms in oxidation states of V(V) and V(IV).^
V O  dissolved in water gives the following mixture of oxyacids:^ 
2 5
3V2°5
+
H2° H3V6°16 hexavanadate
2V2°5
+-
H2° W u tetravanadate
V2°5
+
H2° 2HV0_ metavanadate
+ h 2o
H2V2°7 pyrovanadate
V2°5
+
H 2° 2H3VQ^
orthovanadate
In strongly acidic conditions, vanadium(V) forms two oxo
species, V0-^+ and ^O^*, which readily form complexes With a number
of different oxygen and nitrogen donor ligands.^ Vanadium(V) is
readily reduced to vanadium(lV) by a number of reducing agents
including L-ascorbic acid, glutathione, norepinepherine, and 
11 1cysteine.
The oxocation VO is the most important and the most stable
15 2+of the vanadium(IV) species. VO also forms strong complexes
with various ligands which possess electronegative donor atoms
such as F, Cl, 0 or In the absence of strongly complexing
2+ligands, VO undergoes a number of hydrolysis reactions. Accord­
ing to pH, the following hydrolysis species are observed:^
Species: V02+ VOOH+ V0(0H>2 VO(OE) ~
pH : 0 3 6 II 14
Adding hydrogen peroxide to acidic vanadium(V) solution gives
9
\  t
3
> VOVO.
Mo
7 HVO>
Fig. 1 Vanadate species component 
at varying pH, at 25 C
10
2_
it a red color. This is caused by the formation of peroxo (0^ ~)
complexes of vanadium. Various peroxovandium complexes having 1,
172, 3 or 4 peroxo groups per vanadium are possible.
It has been found that in aqueous solution:
1). The number of peroxo groups per vanadium ion 
increases with an increase in alkalinity.
2). Increasing the acidity decreases the number of 
peroxo groups per vanadium atom.
3). Increasing the concentration of hydrogen_peroxide 
decreases the degree of polymerization. '
Monomeric monoperoxy ions, V(0)(0 ) , have been found to
have a red color. This species is formed by adding to a
solution of metavanadate ions of vanadium(V) which in turn is
19
obtained by addition of a weakly acidic solution.
The red color is stable in moderately acidic media; in 
excess acid, condensation occurs to isopolyvanadate with the
a.
subsequent production of an  ^ ^ 2 '* Also, if the solution
is heated with strong acid, the red cation reduces to the vana- 
dium(lV) ion, x
In an excess of H £, on the other hand, the red cation 
is converted to yellow diperoxy anionjv(0)(0 2) ^  Peroxovana- 
dium species also readily form complexes with various chelating 
agents. These shall be discussed later.
11
2.3- COMPLEX CHEMISTRY OF VANADIUM(IV)
2+In aqueous solution, the oxocation VO is the most impor­
tant and the most stable of the vanadium(lV) species.^ It forms 
a wide variety of stable complexes which may be cationic, neutral 
or anionic. The strongest bonds are formed with ligands which 
possess very electronegative donor atoms such as F, Cl, 0 or N. 
Examples of possible complexes are R (VOF ), R (VOF. )', VOCl^.
3DMS0 (DMSO = dimethyl sulfoxide).^ Other oxovanadium (IV) 
complexes formed with multidentate oxoanions such as perchlorate,
phosphate, oxalate, malonate, citrate, tartrate and various £-
18diketones are also known.
Oxovanadium(IV) complexes exist in one of the three idealized
geometries, six coordinated square bipyrimidal, blue green, five
coordinated square, pyramidal or trigonal bipyramidal which are 
11less common. The structure depends mainly on the nature of the 
ligands and how they actually coordinate with the vanadium metal. 
Some examples are jV0 (b ipy) ^ C l| * , (vo(acac)^j, and jvo (NCS) ^
Fig. 2a and b.
The flexibility in coordination geometry of oxovanadium(IV)
24-
complexes accounts for the fact that VO binds to specific sites 
of a, number of metalloproteins having different metal site struc­
tures . * *
12
Fig. 2a Possible geometry of vandium(IV) 
complexes; (i) square bipyramidal
(ii) square pyramidal 
gonal bipyramidal
(iii) tri-
(i) (ii)
Fig. 2b Examples: square pyramidal bis(acetyl 
acetone)oxovanadium(IV) complex (i), 
.Trigonal bipyramidal bis(2-methyl-8- 
quinolinato)oxovanadium(IV) complex (ii)
13
2.4. COMPLEX CHEMISTRY OP VANADIUM(V)
In oxidation state (V), vandium has a very diversified comp­
lex i rig behavior with various mono and polydentate oxygen and nitro 
gen donor ligands. The two types of vanadium(V) oxocations, V0^+ 
and V02+ , form a number of complexes in a strongly acidic media.
r  \  OV(V) with a d electronic configuration normally forms octahe-
22
dral complexes.
The V0^+ unit is usually found in oxyhalides such as VOX^
(X = F,Cl,Br). Various complexes of the type V0C1^.2L and VOCl^-1
in which L represents a number of different oxygen and nitrogen 
17donor ligands ,also have been characterized. These complexes
appear to be five or six coordinated monomers.
Similarly, the structure of VO(OMe)^ has been determined by
X-ray structural analysis and it has been shown that the molecule
is not actually monomeric but linearly polymeric as shown in 
17Pig. 3* The coordination about the vanadium is distorted octahe­
dral, vanadium being joined together through oxygen bridges; the 
repeat unit is dimeric.
V O ^  ion, on the other hand, occurs discretely in the comp­
lexes V02 (N0^ )', VO^CSbP^) and as a cis-VC^ unit in the complexes
17{VO^Oxalate^J, and K^(VOPj^). Complexes of pervanadyl cation,
V02 , form readily under acidic conditions with chelating agents
such as EDTA (ethylenediaminetetraacidic acid), and oxalic acid.
These complexes display a distorted octahedral geometry with
12cis-dioxo ligands as shown in Pig. 4.
The X-ray data for Na3(V02 (EDTA)J .4H20 and [v 02H2EDTa]
Fig. 3 Structure of VO(OMe)^
oxo-oxygen atom ®  
methoxy oxygen atom Q  
carbon atom o
Fig. 4 Octahedral bis(oxaoato) 
dioxovanadate(Y) complex
15
213H^0 demonstrate the diversity of complexing behaviors of V(V) 
ion with multidentate chelating agents such as EDTA. The structu­
ral analysis has given evidence that V(V) has an octahedral confi­
guration with four available coordination sites since two of its 
sites are already occupied by oxygen atoms. When EDTA, a hexa- 
dentate ligand, competes for the four available coordination
X
sites of the ion > the binding sites become occupied by two
nitrogen and the two acetate oxygen atoms of EDTA. The other two 
acetate groups are not bonded to the metal and are free to rotate 
about the C-N b o n d . ^ 9^
The stability of vanadium complexes is strongly pH dependent. 
Amos and Sawyer have found that the three vanadium complexes synth­
esized, Na^ (V02EDTAj .4H£0, k [Vo 2DMEDDA] .HgO (DMEDDA: N,N'-dimethyl- 
ethylenediamine-N,H1-diacetate) and K JvOgEDDA] .HgO (EDDA: ethyl'ene- 
diamine-N,N ’-diacetate) are stable from pH 4 to pH 9* However, 
above pH 94 the solution becomes colorless, as V(V) polymerizes to
release the free ligand. Below pH 4, the compound readily decom-
2+ 22poses to give a paramagnetic blue YO species.
Furthermore, a series of vanadium(V) complexes have been 
synthesized by Wieghardt with pyridine-2.6-dicarboxylic acid 
(dipicolinic acid, dipic), a tridentate ligand. The following 
complexes have been prepared:
A(V02 (dipic)] (A = NHV  K, Cs) 
H[V02 (dipic)3 -2H20 
HjV02 (dipic)] .C2H^0H 
K [V02 (dipic)] .2H20
16
0
0
Fig. 5 [j/02 (dipic)] ~ anion
17
The structure shown in Fig. 5 has been proposed for the
[VO^ dipic)j” anion, based on Raman and infrared spectral data,
and the kinetic studies. It seems that the complex exists as a
trimer, with the three vanadium(V) ions with terminal oxygen
27atoms bonded via three oxo bridges. 1
Vanadium(V) ions form a. wide variety of complexes with a 
diverse structural variation ranging from, a simple monomeric to 
a complex polymeric structure as seen above. The ability of 
vanadium(Y) ions to form such diverse structures depends mainly 
on the type of ligands present. Consequently, it can be said 
that versatile chemical behavior attributed to V (V) ions is 
mainly due to its diverse chelating behavior and structural 
diversification.
2.5* PEROXO COMPLEXES OF VANADIUM(V)^
Peroxo compounds of biologically important metal complexes 
such as catalase and peroxidase have become biochemically signi­
ficant and there has been much study on their chemical behavior, 
including the peroxo complexes of vanadium.
As discussed in the previous section, at hydrogen concentra- 
tions above 0.1 M, the vanadium(V) ion exists as the VO^ cation. 
When H^O^ is added to this solution, VO-?* forms well character-
2ized (1:1) red monoperoxy, and (2:1) yellow diperoxy vanadates: D
V°2+ + H202 V0(02 )+ + H20
VO(02 )+ + H202 ^=— * V0(02 )2" + 2H+
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The latter reaction favors a high hydrogen peroxide concentration 
and/or a low hydrogen ion concentration. The yellow diperoxyvana-
o jfi
date is generally stable in a solution of high pH (>7)• It 
has been found that the yellow diperoxy species is easily conver­
ted back to the red monoperoxy vanadate with the increase in hydro-
gen ion concentration.
If the hydrogen peroxide concentration is further increased 
in an alkaline medium, the yellow, diperoxy color of the solution 
changes to deep blue. The deep blue color is due to the presence 
of triperoxy species, and accordingly, a series of novel triperoxy
vanadates of the formula, M [V ( 0^ = ^ a v e  been
2M-synthesized. It is interpreted that the oxo oxygen of the yel­
low diperoxy species is converted to the third peroxy ligand by
o f i
abstracting an oxygen atom from ^£^2
The structures of various peroxo groups present in solution
have not yet been determined. However, it has been found that the
peroxo groups of vanadium undergo various oxo-peroxo oxygen exch- 
ange in an appropriate solvent and catalyst in an aqueous environ­
ment. Every extensive oxygen exchange requires that bulk peroxide 
be in equilibrium with the coordinated
The stability of peroxo complexes depend on the nature of 
the solvent and the type of ligands bound to the metal. Certain 
complexes are relatively stable in protic solvents such as metha-
o /I
nol or water, but decompose rapidly in basic aprotic solvents.
The decomposition of peroxo complexes can be monitored by the 
decrease of the characteristic absorbance at 450-465 nm.^
There are various ways the peroxo group can bind to the
19
metal as shown in Figure 6-^  ^ and according to the formula shown
37in Figure 7* The compounds which do or do not contain the oxo
group differ stereochemically, and it has been found that vana-
37dium(V) ions strongly prefer to form oxoperoxy species.
The peroxo group can bind to the metal in several different 
configurations. It can form a bidentate peroxide complex which 
involves a metal-peroxide symmetrical triangle (Figure 6a), or 
form a bridging complex with two metal ions (Figure 6d,e,g). It 
can also form a very unstable hydroperoxide complex which involves 
an 0-0-H complex attaching directly to the metal(Figure 6b,c).
Then finajJLy^ the perox.D.-..£n.Qiir----Can_.sl:iiipl,y exist as hydrogen pero- 
xide of crystalization in the metal complex rather than actually 
Jbeing coordinated the^metal. ^  The different types of peroxo~~~ 
complexes can be usually distinguished from their respective in­
frared spectral data..
Various novel peroxo complexes of vanadium(V) have been 
synthesized and characterized as listed in Table 2. Heteroligand 
peroxo complexes possess mixed ligand spheres composed of one to 
three coordinated peroxo groups, and one or more mono or poly- 
dentate ligands. Specific heteroligand combinations tend to
stablize the peroxo complex and also change the reactivity of the
37coordinated peroxo group. The peroxo group, on the other hand, 
may enhance the stability of the heteroligand sphere and may re­
sult in formation of certain complexes which otherwise would not
-p 38f orm.
The complexing behavior of various heteroligand peroxo comp­
lexes has been found to depend on the pH of the aqueous environ­
ment, the metal concentration, and availability of inorganic or
20
(f) (g)' %  l\/l
Fig. 6 Various ways peroxo group 
binds to metal ions
Table 2
Various novel peroxovanadium(V) 
complexes synthesized and characterized
Compound Reference
NH4 [y0(02 )(H20) (C5H3N(C00)2 )j.xH20
(2,6-pyridinedicarboxylato)
32 f $
Na3 (V0(02)EDTA].4H20 23
Na [V0(02 )H2EDTA]
NH^CvoCO-p^NHj)] 41
(yo(o2 )(o -n}l l *
(0-N = pyridine-2-dicarboxylate(pic), 
pyrazine-2-carboxylate;
LL’= H^O, MeOH, monodentate or 
bxdentate ligand)
36 'Z 1
[V0(02 )(pic)2]A+L
(A = H+ , PPhi(p+ , L= H20, HMPT(hexamethyl-
phosphorictriamide)
36 'Z-1
A2 [V0(02 )NTa3
(A = K, Na, NH^, Rb, Cs, Ca/2, Sr/2, Ba/2)
*
TBP \!
H (Vo(02 )(dipic)H20j .H O 
(dipic = dipicolinic acid)
27 11
K3 [v0(02)2(C204)3 -H2° 40 I i
AjV0(02 )2 (bipy)] .xH20
(A = Na, K, NH^, H? bipy = bipyridyl)
3 3 ;
A tyo(0,) _ (Phen)J .xH„0
c. c. c.
(A = Na, K, NH^, H; Phen = phenanthroline)
*
C. Djorajevic, E. Sinn, et. al., to be published.
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Fig. 7 Types of heteroligand peroxo complexes 
(M = metal, L = ligand)
a) [M(°2 )xLy) n
b) [M0x (°2 )yL J
-c) JLL- oxo
d) ytt- peroxo
L = F , Cl, NH3 , < 
pic, dipic,
m-
Fig. 8 Structure of NH^£vO(0^)
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37organic molecules which can act as heteroligands. f
It has been found that the coordinated peroxo group can alter
the electron transfer ability and the redox potentials of the
metal ion and. the various heteroligand fields. The change in redox
properties, again, depend upon the type and concentration of metal
37ion, the pH of the solution and the heteroligands present. '
The redox potential involving V(V)/V(IV) transition occur in 
the range ^298 =  ^ Accordingly, the redox potentials of
vanadium overlap with the redox potential of simple peroxides in 
biochemical processes and permit interaction.
2.6. CRYSTAL.AND MOLECULAR STRUCTURES 
OP HETEROLIGAND PEROXO COMPLEXES
Structural data on peroxo vanadate(V) complexes are useful
in directing synthetic work, and also provide an opportunity for
comparison with stereochemistry of other metal complexes.
*
Of various vanadium complexes, it has been found that six, 
seven and eight coordinated configurations are possible. The Six- 
coordinated complex such as the [to (O2) 2 ^ 5 ” anion has keen found
40to have a distorted pentagonal pyramidal geometry. The complex 
NH. fV0(0o)NH_], when analyzed by X-ray crystal analysis, has
*+L c. J
been determined to consist of four formula units in the primitive 
orthorhombic unit cell. The vanadium atom is bound to five oxygen 
atoms and one nitrogen atom in a distorted pentagonal pyramidal 
structure. The four oxygens of the two peroxo groups and the am­
monia nitrogen atom form the base of the pyramid and the vanadyl
24
^0oxygen occupies the apical position.^ This is represented in 
Figure 8.
Seven coordinated species such as 0^)J^~, on the
22 40other hand, have a pentagonal-bipyramidal coordination geometry. * 
Crystals of [v o (o 2 )2 (c2o^)3 .H^O have been prepared,^ and their
4 0
structure has been determined by X-ray structure analysis. The 
result confirms the predictions since it has been found that the 
vanadium atom has a seven coordinate environment and has a penta­
gonal-bipyramidal configuration. The oxygens from the two peroxo 
groups and one oxygen from the oxalate ligand make up the penta­
gonal girdle while the oxo ligand and, another oxygen of the oxa-
40lato group occupy the apical positions as shown in Figure 9*
The complex has been found to exist as a tetramer where four
formula units consisting of K ions, oxodiperoxooxalatovanadate(V )
ions and water molecules are held together by electrostatic forces
40and hydrogen bonding.
A similar structure is assigned for the compound (0^)-
H^O( ( C O O •xH^O (x = 1 .3)*^ In this case, vanadium again
has a seven coordinate, distorted pentagonal-bipyramidal atomic
environment with a vanadyl oxygen and a water molecule at the
apices, with the peroxo group, the nitrogen from the pyridine
ring and one oxygen from each carboxyl group forming the pent- 
32 41gonal plane. # (Figure 10) A recently synthesized complex of 
the formula K [VO (O^NTA^ (NTA = nitrilot ria.cetate) has a very 
similar pentagonal-bipyramidal configuration except that the 
oxo vanadium and a third carboxyl oxygen occupy the apical posi­
tions as shown in Figure 11 a.
In all three cases, it is found that the vanadium atom is
2 5
cm
\H(2)
£^^ 0(10)
\H(U 
)X(2) \
0(5) 0(4>
€> r
0(7) MPI
\ C^[?) °^<6>
U  
/
0(9)
|K(I)
■2$ 0(2)
/
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Fig. 9 Structure of £V0 (0^) 2 ^ 2 ^ 4  0  * ^ 2^
C4
’> H3
res C3
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'N1 \.
HI /H2 /
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< 0 0 6C7
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Fig. 10 Structure of (>0(02 )H20(C^H^N(COO)2 )} "
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Fig. 11a Structure of [Vo(Op)NTA]
2-
Fig. lib Structure of (NH^)^ [o(VO(02 )2 )2]
27
displaced 0.25 A out of the pentagonal plane toward the vanadyl
oxygen. This type of non-coplanarity is commonly found in oxova-
nadium(V) complexes and can he attributed to the repulsion which
result between vanadium oxygen-IT-bonding and the <f-bonds of the
4-1equitorial plane. The observed displacement of the metal ions
from the plane is significantly greater in the pentagonal-pyre-
30midal complexes than in the pentagonal-bipyramidal complexes.
The structure analysis of a d.inuclear complex of the formula,
(NH^)^CV 2° 1 (NH^) j^ C0 (v °(°2) 2 ^  ’ which had teen first synthe-
42sized by Melekov and Pissarevski, has also been done. This
complex also has a pentagonal-bipyramidal coordination about the
vanadium atom as shown in Pig. 11b* The four oxygen atoms of the
two peroxo groups and a bridging oxygen atom form a pentagonal
plane, while a bridging oxygen atom and an oxygen atom belonging
to a peroxo group coordinated to the other vanadium atom within
39the anion, occupy the apical positions. Other oxoperoxo comp­
lexes, for which the structures are known, have the typical dis­
torted pentagonal-bipyramidal geometry.
EDTA, a hexadentate ligand, also coordinates to vanadium(V) 
ions with a pentagonal-bipyramidal structure. It is understood 
that in aqueous solution, vanadium complexes of EDTA can be pro- 
tonated as:
i p
[V0(02 )EDTAl + H ^=±- {Vo (o2 )h e dt a]
[V0(0 )HEDTA] Z~+ H :==^ [VO (02 J^EDTaJ-
The biacidic character of the momoperoxo complex suggests that 
the two acetate groups of coordinated EDTA are not directly bound
28
to the metal and such a structure is possible.^
2.7* INFRARED SPECTRA OF OXOPEROXO 
VANADIUM(V) COMPLEXES
Infrared spectra are the basic experimental tool to deter­
mine the coordination of various ligands and the presence of oxo 
and peroxo groups about the vanadium metal ion.
The presence of oxovanadium (V=0) can be easily detected 
by the characteristic vibrations around 965 cm"^.^ Various 
metal oxygen stretching frequencies for the terminal oxo-group 
in some vanadium(V) complexes are listed in Table 3-
To ascertain the position of the oxygen in the VO^ moiety, 
the IR spectra of three vanadium(V) complexes containing EDTA, 
DMEDDA, and EDDA have been examined. It has been found that 
all three complexes exhibit three strong bands in the 950-850 
cm  ^ region. One band is apparently assigned to a ligand vib­
ration, and the other two bands have been found to belong to the
V-0 bonds of the V0£ group. The V-0 bands are found at 935, 895;
_ 1
935, 900; and 905, 865 cm , for the three complexes, respectively,
for the vibrational modes of \) (V0_ ) andl^ (V0_).-^s 2 as 2
The IR data indicate that the oxygen atoms of the VO^. moiety 
in the complexes are cis with respect to one another. The appea­
rance of two metal-oxygen bands in the IR spectra correspond to 
the symmetric and asymmetric stretching modes.
Various types of metal-peroxo complexes can be distinguished 
by the IR spectra. The symmetrically coordinated bidentate peroxo 
group gives rise to three vibrations, symmetrical and asymmetrical
29
Table 3
Metal - Oxygen stretching frequencies 
for terminal oxo group in some vanadium(V) complexes
Complex (V=0)/cm-* reference
v o f 3 1058 18
V0C1,
3 1035
18
(Et^N) [V0C141 965 ■»
k 4Co [v o (o 2 )21 2] 963
951
29
(NH4 )2 [(bipy)2H2V2011l 3H202 9 5 0
•3H20 '930
33
*D. Nicholls and D. N. Wilkinson, Journal of Chemical Society, 
(A), 1103, 1970.
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peroxide stretching modes and MO^ deformation. All three modes
are active in the IR, and in various peroxo complexes of this type
studied, three hands are usually found. They are found near 880,
_ |
600 and 550 cm corresponding to the three different vibrational
* 29modes.
Hydroperoxide complexes (0-0-H) are very unstable. However,
in an ammonium hydroperoxide complex studied, the 0-0-H deforma-
-1 -1tion at 1100 cm and the 0-0 stretch at 836 cm have been ob­
served. Bridging peroxide between metal ions and perhydrates
29show no strong typical IR bands.
As an overall example of the IR stretching bands seen in an
oxoperoxy vanadate(V) complex, it is found that the complex
(V0(02 ) (pie)] *-^ 2^  k'as absorptions at 975 cm  ^ and 935, 580,
-1550 cm which are attributable to the characteristic oxo-metal 
stretching and the symmetrical bidentate peroxo vibration, respec­
tively. The other absorptions of this complex have been assigned 
to the coordinated water with a broad absorption at 3300 cm ^, 
and the bidentate picolinato group with \^(C=0) at 1670 cm * and 
4 i c=°) at 1380 cm”1.
In the infrared spectra of substituted covalent peroxo comp­
lexes such as [V0(02)(0-h|lL’ (L = HMPT, BMP, L' = H20)^6 similar 
vibrations are observed, ^(V=0) in the range 945-975 cm  ^ and <0~ 
(C-0) in the range 935-950 cm
Various vibration bands of V=0 and 0-0 of different complexes 
have been tabulated in Table 4. In the complexes of CVO(02 )dipic]
•2H 0 studied, the IR spectra of different salts of the complex,
+ + *4? 2 7namely NH^ , K , and Cs ', are in fact very similar.
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Table 4
Some V=0 and 0-0 stretching frequenquencies 
of V(V) complexes (cm”^)
Complex (v=0 ) (0 -0 ) references
V=0 965 3 6
Na (VOgEDTAj .HgO 935
895
32
k [vo2 dmedda'] . h2o 935
9 0 0
32
K jV02EDDA3•H20 905
8 6 5
32
[V0(02 )(pic)) .2H20 975 935
5 8 0
550
36
0 - 0 8 8 0
' 6 0 0
550
29
(Vo(o2 )(o -n |l l '
L=HMPT, DMP, PPH^ 
L* = H20
9 4 5 - 9 7 5 935-950
32
2.8. MALIC ACID, CITRIC ACID, TARTARIC ACID, AND EDTA AS LIGANDS
2.8.!. Malic Acid (C^H^O^)
Malic acid (2-hydroxybutanedioic acid, hydroxy succinic acid) 
is a dibasic acid with the structural formula shown in Figure 12. 
Malic acid behaves as a monodentate, bidentate or tridentate 
ligand and easily chelates with transition metals. Its bidentate 
configuration is the most common as shown in Figure 13-
Various transition metal compexes of malic acid have been 
synthesized including Ni, Fe, Nb, Cu, Co, Ti and Mo compounds.
Cu(ll) and Ni(ll) form complexs with malic acid in 1:1 composition
46.47 / \in alkaline solutions while Ti(IV) forms a colorless complex
at pH 3-5- Malic acid also forms complexes with Fe(II) with the
2+ +formula Fe(H£L) and Fe(HL) where L is malic acid and Co(lll) in
which intramolecular hydrogen bonding is responsible for the sta-
49 50bility of various isomers in aqueous solution and solid state.
Crystalline malato complexes of Nb(V) have been obtained with 
the formula M(I) (Nb20£^^) ‘^ 2^ where M(l) = Na, K,
(C^H^)^P and (C^H^)^As. The crystals are obtained from aqueous 
malic acid solutions of niobium pentoxide and saturated solutions 
of Na, K, tetraphenyl phosphonium and tetraphenyl arsonium chlo­
ride .
It is a common practice to detect the coordinated malato 
ligand by the IR spectrum. The two bands found in malic acid 
alone at 1735 and 1630 cm“* from its C-0 stretching in carboxyl 
group are replaced in the spectrum of the complex by a broad 
band at 1600 cm”*, indicating the presence of a coordinated malato
33
H 0 0 C - C H - C H 2-  c 0 0 h
OH (pKj = 3.4-0, pK2 = 5.11)
Fig. 12 Malic Acid
0
H2c
C —  0 /'"N
/
COOH
(a)
CH^COOH 
/ *■
0 —  CH
0 —  C
(b)
0
Fig. 13 Bidentate configuration of malic acid 
forming five or six me inhered rings 
with the trandition metal ion
/H*
i i i
n °  O%  I ^  \  i
Mb Nb
HO/ | \  | - O
0 o o1 I I
OH,
H\/
CH,
Fig. Ik Nb(V) malato complex
3k
ligand. The presence of water is detected by the hydrogen -bond­
ing frequency observed at about 3400 cm'^. These malato niobium
derivatives are found to form metal-oxygen bridges and exist in
51polymeric form as shown in Figure 14»
Malic acid complexes of molybdenum(VI) also have been syn-
52thesized and characterized. The crystalline complexexs of the 
formulas (moO^CHL) ^ and [ M o ^ O ^ ^  have been
obtained from aqueous solutions. The structure of Cs2^Mo02(HL)^ 
.H2O complex has been determined by X-ray crystal anaysis. It 
has been found that the complex is mononuclear .with each HL coor­
dinated through the deprotonated hydroxy group and the vicinal 
carboxy group to form a five-membered ring similar to that shown 
in Figure 13b. The second carboxylic group is not coordinated,
and there is interanion hydrogen bonding between the two carboxy 
52funct ions.
To date, vanadium compounds .with malic acid as a ligand 
have not yet been synthesized.
2.8.2. Citric'Acid (C,H 0 )
0 0 7
Citric acid is a tribasic, nontoxic acid (Figure 15), and its
salts have a wide variety of applications such as in soft drinks,
effervescent salts, antitoxidant in foods, and as a sequestering
agent for metal binding. Many of these applications are possible
due to the good chelating ability of citrate for cations such as
60calcium, strontium, manganese, magnesium and iron. There has 
been a great deal of interest in its chemical behavior due to its 
importance in the Krebs cycle of the carbohydrate metabolism.
35
OH
I
HOOC- CH — C ~  CHp— COOH 
1
COOH
(pKj = 3*13, PK2 = 4.76, pK3 = 6.41, pKQH= 11) 
Fig- 15 Structure of citric acid
07
Fig. 16 Ni(II) citrate complex
Fig. 17» Fe(II) citrate complex
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For citric acid, metal coordination is strongly dependent on
the pH of the solution from which these complexes are crystallyzed.
For instance, in neutral or alkaline solutions, the tetra-ionized
61form of citrate is predominant. The central carboxyl group (o^ -
to the hydroxyl) is ionized first, followed by the two terminal
carboxyl group and finally the hydroxyl group. Although the pKa
for the hydroxyl group is high, it is readily ionized to form
metal complexes as seen in a nickel citrate complex shown in
Figure 16a. In the complex, the hydroxyl group is surrounded by
three nickel cations at approximately equal distances with a
61tetrahedral environment.
Each of the seven oxygen atoms of citrate can serve as a 
ligand to metal ions. The metal coordination can be monodentate, 
bidentate or tridentate. Being a tridentate ligand usually 
involves the coordination of the central hydroxyl and carboxyl 
groups (0(7) and 0(5)) as seen in the ferrous citrate, Figure 17.^ 
Tri-ionized citrate has been shown to form a tridentate che­
late with Mn(ll) and Fe(ll) to form Mn(H20 )6 {MntC^H^Or,) (H20 )] 
*2H2062 and Fe(H£0 ) £ jFe(C^H^Oy)fH20 )j 2*H2°* The V^otonated 
hydroxyl group, the central and one terminal carboxyl groups are 
coordinated to the metal ion. This complex is found to form an 
infinite chain where the two oxygen atoms of the other terminal 
carboxyl group coordinate continuously to two other symmetry 
related metal ions, Figure 18.
Ni(ll), on the other hand, forms a tetra-ionized citrate 
complex in which the metal is coordinated to all three carboxyl 
and one hydroxyl group. This complex exists as a large, discrete 
anionic complex composed of two highly distorted tetrahedra of
37
Fig. 18 Infinite array of Mn(II) and Fe(II) 
citrate complexes
Fig. 19 Oligomeric anionic diagram of
N(CH^)^ CNi(II)4(C6H40?)3 (0H) (H20) J '• 18^0
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nonbonded. Ni(ll) ions whose coordination sites are occupied pri­
marily by six tetra-ionized citrate ions as seen in Figure 19-^* 
Other citrate complexes which have been successfully syn­
thesized include a colorless Ti(lV) complex of 1:1 composition at
48 63pH of 3-5, and a Nb complex. ■ However, no citrato vanadate
complex is known to date.
2.8.3- Tartaric Acid (C^H^O^)
Tartaric acid (2,3-dihydroxybutanoic acid)', shown in Figure 
20, occurs in many plants and fruit, is come available from the 
potassium and hydrogen salt deposited in fermenting grapefruit 
juice.^ In solution, tartaric acid generally behaves as a di­
basic acid, and both of the carboxylic protons are ionized by 
pH 5- The hydroxyl groups are not usually ionized, however, in 
strong alkaline conditions, especially in the presence of metal 
ions, as they disassociate and form stable five membered rings 
about the metal ions.^
The chelating behavior of tartaric acid in the presence of
2+VO and Cu(ll) ions has been studied. It has been found that 
tartaric acid forms metal complexes with a 1:1 or 1 :2 metal to
54ligand ratio composition. The composition and structure of 
tartaric acid complex of Cu(ll) have been the subjects of much 
interest and speculation. Despite the many possible ways by 
which tartaric acid can coordinate to the Cu(ll) ion (Fig. 21), 
in light of the IR spectum of the complex which shows frequencies 
of coordinated carboxyl and hydroxyl groups, the structure Fig.
21e has been determined to be the most probable.^
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HOOC —  CH —  CH —  COOH 
S S 
OH OH
(pKt = 3-22, pK£ = 4-82) 
Fig- 20 Structure of tartaric acid
H O O C — C H — C H — COOH
A
Cu
OOC— C H — C H — COO'
I I
O H  O H
M /
a) (b)
■OOC— C H — C H — COO' 
O H  OH
'OOC— C H — CH— COO
I ’ 'o
Cu-
O
(c) (d)
(e)
Fig- 21 Possible coordination scheme and the most
probable structure of Cu(II) tartrate complex
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Of course, the other configurations are just as possib'le, 
and this is usually dependent on the kind of metal ion and the 
aqueous environment from which the complex is obtained. In 
most cases, formation of a five membered ring about the metal 
ion is the most stable.^
It is possible for the tartrate ion to act as a quadriden- 
tate ligand by losing all of its hydrogens, but this is a rare 
phenomenon. Usually, a stable dimeric species in which the brid­
ging tartrate ligands which are not quadridentate are formed as 
in VO -mesotartaric solution.
Red crystals of Na^ £(V0 ) 2"} • where H^L is
tartaric acid have been prepared by reacting racemic tartaric 
acid with NaVO^ in aqueous solution. Both L ligands in the 
complex have the same absolute configuration.57
Having two chiral centers, tartaric acid can exist in D-, L-,
DL- and meso conformations. The crystal structures of ammonium 
oxovanadium(IV) D-tartrate-*® and analogous DL-tartrate-^ have 
been determined. Interestingly enough, tartaric acid of diffe­
rent conformations are stereoselective as the optically active
solid, [VO (D-L) H , has a trans geometry while the racemic 
2 2 4
complex, £V02 (D-L) (L-L)H^l has a cis geometry for the tartrate 
ligand. The observed stereoselectivity results in order to ascribe 
stability to the cis coordination of carboxylato and hydroxo groups 
around the V0^+ square plane.^
Another tartrate complex includes so called "tartar emetic" 
which has been used medicinally for over 300 years. Tartaric acid
2+exists as a complex of antimony(III). Salts of K, NH^ and Fe(phen)^ 
are known and they have a binuclear structure with tartrate bridges
41
Fig. 22 Structure of Sb(III) tartrato 
bridged bihuclear complex ion 
of the "tartar emetic”
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as represented in Fig. 2 2 . ^  Tartrate complexes of vanadium-(V) are 
not known to date.
2.8.4. EDTA ( C ^ H ^ O qN ^
EDTA (ethylenediaminetetraacetic acid), Fig. 23, is a well 
known complexometric agent, chelating very easily to various metals 
at different oxidation states. Its chelating behavior ranges from 
bidentate to hexadentate due to its four acidic hydrogens and 
two nitrogens with unpaired electrons. Oxygen and nitrogen atoms 
equally participate in the chelation.
EDTA forms very stable metal complexes with almost every 
metal on the periodic table, usually in a 1:1 metal to ligand 
ratio as shown in Fig. 24 It has been shown that in coor­
dination compounds containing chelates which form heterocyclic.
64rings on the metal, a five membered ring is generally most stable. 
This is easily achieved by EDTA.
The pH of the aqueous solution is very important in the com­
plex formation with H^EDTA since the species of the acid present 
in the solution is greatly pH dependent.^
50 fo 95%
- 2- 3— A-H. EDTA H EDTA H ?EDTA -<== HEDTA ^  EDTA
H
66Chelation is at a minimum when the pH is low. Whether a certain
complex forms at a certain pH depends on the stability of the
6 3complex at that pH. ^ Stable EDTA complexes that have been synthe-
43
s iz 
in
ed with various metals are numerous, and they are highlighted 
Table 5, and Fig. 25*
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Fig. 23 Structure of EDTA
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Fig. 2^ Formation of 1 t1 ratio complexes 
of EDTA with transition metals
^5
Fig. 25 Possible metal complexes of EDTA with 
Mn, Fe, Rh, and Co, and their confor­
mations
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Table 5 
Various complexes of EDTA
Complex reference
Cu(H2EDTA)
h2 [m(edta )3 .xh2o *
M = Mg, Sr. Ba
Na[Ln(H2 0)EDTA] .xH20 ■»
Ln = Pr, Nd, Sm, Gd, Y
N %  [m (EDTA)] .2H20 &
M = Alt Co, Cr, Cu
N a C v ( I I I )E D T A ]  .A h 2 0
Na2 [V(IV)0(H2 0)EDTAJ.2H20
Ba (V(IV)0(H2 0)EDTa3 -5H20
[Vo2edta3 3_ 22
fyCUHEDTA] 2" #
Na (Vo (02 ) EDTA^ 15
K(Mn(H2 0)2EDTA] - ^ 0
nh4 ('m(edta)] .h2o
M * Co, Fe
[Ni(H2 0)EDTA] 2"
KfRh(H2EDTA)X2l *
X = Cl, Br
K(kh(EDTA)] -2H20
* F. P. Dwyer, and D. P. Mellor, Ed.t Chelating Agents 
and Metal Chelates, and from the references within.
3-0. EXPERIMENTAL
3-1. SYNTHESIS OF THE NEW COMPOUNDS
3.1.1. Malic Acid System
3.1.1.1. K[V0(02 )(C4H^05 )j -H20
KOH (0.6 g, 10 mmole) is dissolved in water (20 ml), and 
V205 (1.0 g, 10 mmole) is added. The solution is gently heated 
at 40°C under occasional stirring. Clear, colorless solution is 
finally obtained by adding additional drops of saturated KOH 
solution as necessary. Undissolved particles of are fil­
tered off and the solution is cooled in an ice bath. Malic acid 
(1.5 g, 10 mmole) dissolved in water (5 ml) is added to the cooled 
solution dropwise. The solution becomes a clear, yellow orange 
color at a pH of about 4* To this (30^, 2 ml, 18 mmole) is
added dropwise until a deep red sblution is obtained at a pH of 
about 4-5* While the reaction mixture is still in the ice bath, 
cold, 95 percent ethanol is added dropwise to induce precipitation. 
When turbidity lingers, deionized water is added dropwise to re­
gain the clear red solution. The solution is then left overnight 
in a refrigerator at about 5°C, and the red crystals are collected 
the next day with a yield of approximately 55 percent. They are 
filtered and washed sequentially with 50 percent, 95 percent, and 
then absolute alcohol, and stored over drierite. Uniform crystals 
are observed when examined under a microscope. They are analyzed
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and the results are shown in Table 10.
5 . I. 1.2. CsfVO(0^)(C^H^O y] .H20
An Analogous procedure is followed as given for the synthesis 
of the potassium salt complex until the deep red solution is ob­
tained upon the addition of However, before the 95 percent
ethanol is added to induce precipitation, CsCl (1-98 g, 10 mmole), 
dissolved in minimal volume water, is added. The solution is stir­
red thoroughly and then refrigerated. Similar to the potassium 
salt system results, red crystals are obtained overnight with a 
yield of approximately 50 percent. They are filtered and washed 
sequentially with 5 0 percent, 9 5 percent, and absolute alcohol.
Upon drying over drierite, the IR spectra of the crystals is taken 
and then analyzed. The results of the analysis can be found in 
Table 10.
5.I. 1.3- NH4 |V0(02 )C4 H4 0 J  .H20
NH.VO (1.2 g, 10 mmole) is dispersed in water (20 ml), H«0j &-
(50 percent, about 2 ml, 18 mmole), and NH^OH (30 percent, 0.5 ml). 
The solution is gently heated at about 40°C while H % an<  ^NH^OH 
are added dropwise under constant stirring. Clear, yellow-orange 
solution of pH 8 , obtained after about 15 minutes, is cooled in an 
ice bath and malic acid (1 . 5  g, .18 mmole), dissolved in water ( 5  
ml), is added. The solution turns deep red with a pH of about 4.
To induce precipitation, 95 percent ethanol is added dropwise under 
vigorous stirring until permanent turbidity is retained. This solu
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tion is then refrigerated, and crystals are obtained overnight with 
a yield of about 45 percent. The crystals are filtered using a 
buchner funnel and are then washed with 50 percent, 95 percent, and 
absolute alcohol. They are subsequently dried on drierite and ana­
lyzed .
3-1.1.4- Na[v0(02 )(C^H4 05 )] - H2 0
NaOH (0.22 g, 5 mmole) is dissolve in water (10 ml), and ^ O ^
(0.5 g, 5 mmole) is added to the solution. The reaction mixture
ois gently heated at about 40 G under occasional stirring. Addi­
tional drops of saturated NaOH solution are added if necessary to 
obtain a clear, colorless solution. Undissolved particles of 
V~0- are filtered off using a buchner funnel. To the clear solu- 
tion, malic acid (0.74 g, 5 mmole), dissolved in water (about 3 
ml), is added. The reaction mixture is cooled in an ice bath and 
(30 percent, 2 ml, 18 mmole) is added dropwise. The solution 
turns orange-red at pH of about 3*5- Cold 95 percent ethanol is 
then added dropwise under stirring to begin precipitation. When 
the turbidity of the solution is sustained, the solution is left in 
the ice bath for about two hours, and is later left overnight in a 
refrigerator. The next day, orange-red crystals are obtained which 
are filtered and washed sequentialy with 50 percent, 95 percent, 
and absolute alcohol. They are dried over drierite and character­
ized by IR spectra and various other analyses.
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3.1*2. Citric Acid System
3.1.2.1. K(V02 (C6H60? )] .H20
KOH (0.30 g, 5 mmole) is dissolved in water (10 ml). V O
2 5
(0.5 g, 5 mmole) is added to the KOH solution and is dissolved 
by heating gently at 40°C , adding excess drops of saturated KOH 
solution as necessary. When a clear, colorless solution is ob­
tained, undissolved particles of V-0- are filtered off, and the 
clear solution is cooled in an ice bath. Citric acid (1.16 g,
6 mmole), dissolved in water (about 5 ml), is then added drop- 
wise. The solution immediately turns orange at a pH of about
4-5* Upon sitting in the ice bath, light green precipitate 
forms. It is filtered, washed three times with 95 percent etha­
nol and then dried over drierite. The yield is about 50 percent. 
These are characterized by IR, and the spectrum can be found in 
Figure 32.
3 .1 .2 .2 . k[vo(o2') (c6 i%07 )] .a,o
An analogous procedure to the systhesis for the compound 
K [VO^ (05^6 0^)] *^ 2 ^ Per^orme  ^ obtain a clear potassium
vanadate aqueous solution. The solution is then placed in an 
ice bath and H£ 0^ (30%, 2 ml, 18 mmole) is added. ^2^2 ^as 
be added prior to the citric acid in order to prevent precipitation 
of the light green K (C^H^O^ )^] * ^ 0  compound and interference
with the formation of the oxoperoxo complex. The solution turns 
yellow-orange upon addition of C>2 • Citric acid (1.16 g, 6
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mmole), dissolved in water (5 ml), is then added dropwise under 
constant stirring. The solution turns red-orange at pH of about 4* 
Gold 95 percent ethanol is added dropwise to induce precipitation. 
Once the turbidity lingers, the solution is placed in a refrigera­
tor overnight. Orange crystals are obtained the next day with a 
yield of about 45 percent. These crystals are filtered, washed 
with 50 percent, 95 percent, and absolute alcohol, and then are 
dried over drierite. The results of the analysis are shown in 
Table 11.
3.1.2.3- Cs [V0(02 )(C6H60 )J .H20
A similar procedure to the synthesis of the potassium oxoper- 
oxo vanadium(V) compound is followed to obtain a red-orange solu­
tion. However, before the 95 percent ethanol is added to induce 
precipitation, CsCl (0.99 g, 5 mmole), which is dissolved in water 
(5 ml), is added to the solution. The complex is precipitated as 
usual with 95 percent ethanol and refrigerated. Red-orange preci­
pitate is obtained overnight with & yield of about 35 percent.
It is filtered, washed with 50 percent, 95 percent, and absolute 
alcohol, and is then dried over drierite. It is difficult to 
analyze the compound by thiosulfate titration because of the poor 
solubility of the compound in acid. Nevertheless, the results of 
the analysis are given in Table 11.
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3.1.2.4. NI^|J0(02 )(C6H60 )] . H20
NH VO (0.59 g, 5 mmole) is dissolved in water (10 ml), i^O 
(30$, 2 ml, 18 mmole) and a few drops of NH^OH (3Q$). This reac­
tion mixture is gently heated at 40°C with occasional stirring 
until a clear, yellow-orange solution is obtained. This solution 
is then cooled in an ice bath and citric acid (1.05 g, 5 mmole), 
dissolved in water (3 ml), is added dropwise. The solution turns 
red at a pH of about 4 . Cold 95 percent ethanol is then added 
dropwise until a permanent turbidity remains. The reaction mix 
ture is left in the ice bath for about two hours and is then re­
frigerated overnight. The next day, an orange precipitate is ob­
tained with a yield of about 65 percent. The precipitate is fil­
tered and washed with 50 percent, 95 percent, and absolute alcohol. 
After drying over drierite, it is characterized by IR spectra and 
chemical analysis.
3.1.2.5- Ha [V0(02 )(C6H6CU)3 .H20
A procedure analogous to the preparation of the potassium 
salt complex is followed, but in dissolving the V^0^ (0.5 g, 5 
mmole), NaOH (0.22 g, 5 mmole) is used instead of KOH. When the 
clear red solution is obtained, the compound is precipitated with 
cold ethanol (95 percent) added dropwise until a lingering turbi­
dity persists. Upon standing in a refrigerator overnight, orange 
crystals are obtained. They are filtered, washed with 50 percent, 
95 percent, and absolute alcohol, and are then dried over drierite. 
The compound is unstable, as can be observed by its color change
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from orange to yellow and then to green. The results of the ana­
lysis of the compound can be found in Table 11.
3*1.3* Tartaric Acid System
3-1.3.1. k [v o (o 2 )(c^ h4 o6 )J .h 2 0
V 0c (0.5 g, 5 mmole) is dissolved in KOH (0.3 g, 5 mmole)
2 5
and water (10 ml) by stirring occasionally at 40°C. When a clear,
colorless solution is obtained, undissolved Vo0_. particles
£ D
are filtered off. The clear solution is then cooled in an ice 
bath and H O  (30%,1 ml) is added. The solution turns yellow 
orange. Now, tartaric acid (0.83 g, 5 mmole), dissolved in water 
(3 ml), is added dropwise under constant stirring. The solution 
turns deep red at pH of about 2. More H O  (3C%, 1 ml) is added 
followed by excess saturated KOH solution, raising the pH of the 
solution to about 3* Cold ethanol (95 percent) is added dropwise 
to induce precipitation, and the solution is left standing in the 
ice bath for about two hours. Orange precipitate is obtained with 
a yield of approximately 40 percent. It is filtered, washed with 
50 percent, 95 percent, and absolute alcohol, and is then dried on 
drierite in a refrigerated dessicator to slow down the rate of de­
composition. The decomposition of the compound is demonstrated by 
its color change from orange to yellow, to green, and then finally 
to a black residue. The decomposition begins within 12 hours, and 
thus it is essential to analyze the compounds as soon as possible. 
The results of the analysis can be found in Table 11.
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3.1-3-2. Cs fv0(0 ) (C , H , 0 ,)] - H O  
L 2 4 4 6 - 2
An analogous procedure used to synthesize K[VO(0 )(C H 0,)j
^  *mT  O
<- .H 0 is followed to obtain a deep red solution by adding V 0
2 J 2 5
(0.5 g, 5 mmole), KOH (0.3 g, 5 mmole), water (10 ml) and H^O 
(30%, 2 ml, 18 mmole) to the reaction mixture. However, before 
precipitating with cold ethanol (95 percent), GsCl (0.99 g, 5 mmole), 
dissolved in water (3 ml), is added. Upon standing in an ice bath 
for about one hour, orange precipitate is obtained. It is filtered, 
washed sequentially with 50 percent, 95 percent, and absolute alco­
hol, and is then dried in a refrigerated dessicator. This compound 
also decomposes quickly after about two hours, thus the- analysis 
should be done on the day of preparation. The results of the analy­
sis and its IR spectrum indicate that the product is crude and needs 
to be purified, but the IR spectrum does show characteristic peaks 
which indicate the presence of coordinated tartaric acid. Its IR 
spectrum and the results of the analysis can be found in Figure 32 
and Table 11, respectively.
The synthesis of this complex^ has been attempted by another 
preparatory procedure. Vo0- (0.5 g, 5 mmole) is dissolved with KOH
(0.3 g, 5 mmole), CsCl (0.98 g, 5 mmole), water (10 ml), and H O
(30%, 5 drops). Saturated KOH solution is added dropwise to the 
reaction mixture while heat is applied gently at 40°C, stirring 
constantly with a magnetic stirrer. After a clear solution is 
obtained in about 20 minutes, crystalline tartaric acid (0.83 g,
5 mmole) is added. It is then cooled in an ice bath with continued
0^ goes into solution with a 
violent exothermic reaction, temporarily reverting the solution to
stirring, and H^ 0^ (30% ) is added . H,
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a dark red-black color. When 7 ml of ^^O^ a<^ e >^ reaction
subsides and the solution remains clear red. When precipitated 
with ethanol (95 percent), an orange precipitate is obtained. Upon 
filtering out the precipitate, the pH of the red mother liquor so­
lution is adjusted to about 4*2; at higher pH’s the solution turns 
orange to yellow. When additional ethanol (95 percent) is added 
and is left standing in the ice bath for about one hour, a clump 
of red oil is observed. After leaving the solution in a refrigera­
tor overnight, the oil turns to crystals which are separatable from 
the aqueous solution. They are filtered, washed with 50 percent,
95 percent, and absolute alcohol and are dried over drierite in 
a refrigerted dissicator. Unlike the precipitate obtained using 
the other procedure, the crystals are stable for a period over one 
week. They are characterized by IR and chemical analysis.
3 .1 .3 .3 . nh4[vo(o2)(c4h^o6)] .h2 0
NH^V0^(0.59 g, 5 mmole) is dissolved in water (10 ml) and
(30%, 2.5 ml. 20 mmole), and drops of NHj^OH (30%) are added 
while the reaction mixture is heated gently under occasional 
stirring. When a clear yellow solution is obtained, it is cooled 
in an ice bath and tartaric acid (0.75 g, 5 mmole), dissolved in 
water (4 ml), is added to the soltion. The solution turns red 
orange with pH of 2.9* The addition of more H^O^ (30%, 1 ml) 
causes the pH to drop to 2.8. After standing in the ice bath 
for about one hour, yellowish precipitate is obtained, which is 
filtered and washed with 50 percent, 95 percent, and finally ab-
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solute ethanol. The compound is characterized by IR and the sig­
nificance of the results are discussed in the Results and Discus­
sion section.
3.1.3.4- Na jj0(02)(Ci)_H406)3 .H20
In deionized water (10 ml), V O  (0.5 g, 5 mmole) is dis- 
solved with HaOH (0.22 g, 5 mmole) while being heating gently 
with occasional stirring. When a clear solution is obtained, 
it is cooled to room temperature and H^O^ (30%, 2 ml, 18 mmole) 
is added. The solution turns clear yellow. The solution is 
then cooled in a ice bath and tartaric acid (1.25 g, 8 mmole), 
dissolved in water (3 ml), is added. Excess tartaric acid has 
been added in order to keep the solution red-orange. The pH of 
the solution is adjusted to about 3*0 and it is left standing in 
the ice bath. When precipitation is attempted with ethanol (95 
percent), the solution remains clear without change. However, 
when left overnight in a refrigerator, yellow snowflake like 
precipitate forms. This is filtered, washed and characterized. 
The IR spectra is shown in. Figure 41, and the significance of 
the data is discussed in Results and Discussion section.1
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3.1-4- EDTA System
3 .1 .4 .1 . k [vo^edta'J .h^o
This preparation has been attempted following a procedure
analogous to the preparation of Na^[vO^EDTA^ .AH^O. H^EDTA
(3*22 g, 10 mmole) is dissolved in ^0^(40 m]_) along with KOH
(1.0 g, 18 mmole) pellets. The solution is gently heated until
it becomes clear. V O  (1.0 g, 10 mmole) is then added and the
2 5
solution is stirred vigorously for about 15-20 minutes until it 
becomes a clear, light green. Undissolved V^O^ particles are 
filtered off. The clear solution is then precipitated with etha­
nol (95 percent), which is added dropwise until a permanent tur­
bidity remains. Upon standing at room temperature or in a refri­
gerator for about 2-3 days, the light green oil which first ap­
peared in the solution upon the addition of ethanol changes to 
light green crystals. Larger crystals are obtained at room temp­
erature.
3.1-4. 2. K [V0(02 )H2EDTiQ.H20
H^EDTA (3*22 g, 10 mmole) is dissolved in water (40 ml) 
with KOH (1 .0 g, 18 mmole) pellets. The solution is heated gen­
tly at 40°G until it becomes clear. V O  (1.0 g, 10 mmole) is
2 5
then added and the solution is stirred vigorously for about 15-20 
minutes until it becomes a clear, light green. Undissolved par­
ticles are filtered off and ice cold H2 02 (5 ml, 45 mmole) is
added to the solution. Upon the addition of 02 > the clear so-
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lution turns red with a pH of about 5-6. An equivalent amount 
of KC1 (0.74 g, 10 mmole), dissolved in a minimal volume of water, 
is then added. The reaction mixture is shaken vigorously for 
about five minutes, kept cool by frequent trips to the ice bath. 
Cold ethanol (95 percent) is then added to the solution dropwise 
until a permanent turbidity is observed. The solution is vigor­
ously shaken again for about five minutes, and is then left 
standing in the ice bath. After standing in the ice bath, the 
red oil that had formed upon the addition of ethanol turns to 
red-orange crystals. Later, the crystals are filtered, washed 
with 95 percent ethanol and dried on drierite. It has not been 
possible to reproduce this preparation; the red oil persists and 
crystals do not form.
this solution, an equivalent amount of CsCl (1.96 g, 10 mmole; 
V/Cs = 1:1), dissolved in minimal volume of water, is added.
The solution is then shaken vigorously for about five minutes and 
precipitated with 95 percent ethanol, again under vigorous stir­
ring in a stoppered erlenmeyer flask. Red oil forms upon the 
addition of ethanol. However, while standing in an ice bath, 
the oil eventually turns into separatable red crystals. The de­
gree of polymerization (i.e. the amount of oil) depends on the 
amount of added; if more H^O  ^ is added, a larger amount of
thicker oil is obtained. Furthermore, in very thick oil, cry-
3.1.4.3 - cs[vo(0 )h_edta|-Hp0
A procedure analogus to
H O  is followed in order to obtain the clear red solution. To 
2
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stals do not form. The red crystals are filtered, washed three 
times with 95 percent ethanol and are left to dry over drierite.
The red mother liquor is saved and left in the refrigerator to 
collect more crystals, which are usually more crystalline and 
pure.
3.1.4.4. nh^[vo(o2 )h2edta]
Preparation of this complex has been attempted by two dif­
ferent procedures, but neither has been successful. The perti­
nent observations are summarized below:
a) HH^VO^ (0.59 g, 5 mmole) is dissolved in H2O2 (15 ml, 20$,
88 mmole), EDTA (1.46 g, 5 mmole) in H^C^OO ml. 20$,
58 mmole) and NH^OH (30$, 1 ml) which is added dropwise.
The two solutions are first cooled in an ice bath, and then 
mixed. 95 percent ethanol is added dropwise to the clear 
orange-yellow solution under constant stirring until a perma­
nent turbidity is observed. It is then left standing in the 
ice bath for about half an hoiir during which bright yellow 
precipitate is observed. The precipitate is observed to be 
a peroxy vanadate specie.
b) EDTA (1.46 g, 5 mmole) is dissolved in water (20 ml) with
drops of NH^OH (30$, 0.5 ml) while being gently heated on
a 40°C burner until a clear solution is obtained. This so­
lution is cooled to room temperature and is poured onto HH^VO^
(0.59 g, 5 mmole). The reaction mixture is stirred with H2 O2 
(30 percent, drops) added until all NH^VO^ is dissolved and a
clear, red solution is obtained with a pH of about 6. This
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solution is then placed in an ice bath and 95 percent ethanol 
is added until a permanent turbidity is observed. This solu­
tion is left standing in an ice bath for about two hours upon 
which no precipitate of any type is observed. When left over­
night in a refrigerator, the solution turns clear yellow, but 
again no precipitation is observed.
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3-2. OBSERVATIONS OP SYSTEMS PROM WHICH PEROXO COMPLEXES 
IN THE SOLID STATE WERE NOT SEPARATED
3.2.1. Lactic Acid
3.2.1.1. System K/V/Lactic Acid/H^O^
A. Procedure
V 0 (l.Og, 10 mmole) is dissolved in excess KOH solution
2 5
(1.34M) until clear, and a colorless- solution is obtained. Un­
dissolved particles are filtered out and lactic acid (1.5g»
10 mmole) is added to the solution, turning it immediately into
a clear green-black color with the pH in the range of 4* Addi­
tional KOH solution is added dropwise to bring the pH up to about 
6-7, and the same green-black color is observed.
30 percent, 50 mmole) is added to this solution, changing its
color to a dark-red , but the pH remains around 6-7*
B. Observations
1. If the red solution is heated or left standing 
overnight, it turns back to the green black color 
solution. This solution, in turn, can easily be 
turned back to a red-black color by addition of 
excess H^O^*
2. Precipitation with BaCl^.H^O does not result in
the formation of an insoluble product.
3. When precipitating the solution with 95% EtOH, 
bright yellow ,precipitate is obtained.
4* The solution left standing at room temperature
upon the addition of H^O^ even^ua-*--*-y changes hack 
to a green-black color, with the constant bubbling 
of gas observed in the solution.
5* Increasing the. concentration of the solution by 
decreasing the addition of water does not change 
its behavior. Precipitation does not occur.
6. When H^O^ is added to a vanadium reaction mixture 
before lactic acid is added, the same clear red- 
black solution is obtained upon the addition of 
lactic acid. However, when precipitated with 95 
percent EtOH, an orange-yellow color precipitate 
is collected.
7* When ft? ^ 2 a<^ e(^  solution which has been
cooled in an ice bath, a similar dark red solution 
is obtained. Upon precipitation, the same bright 
yellow precipitate is obtained.
3-2.2. Ascorbic Acid 
3*2.2. I. System K/V/Ascorbic Acid/H 0
Procedure:
V 0 (0.5 g, 5 mmole) is dissolved in KOH (0.30 g, 5 mmole)
2 3
and water (10 ml). When a clear solution is obtained with the ad­
dition of saturated KOH solution, undissolved particles of ^£^5 
are filtered out. Upon addition of H2O2 (3 ml, 27 mmole), the
63
solution turns yellow-orange. When ascorbic acid (0.97g, 5 mmole), 
dissolved in water, is added dropwise, the solution turns blue, 
then quickly turns red with a violent release of gas. When all 
the ascorbic acid solution is added, the solution remains red- 
orange. The pH is adjusted to about 5-6 with addition of satu­
rated KOH solution. Attempts to precipitate with 95 percent EtOH 
have been unsuccessful; excess EtOH forms red oil on the bottom of 
the flask. No precipitate or crystals have been observed. By the 
next day, the solution turns blue with no trace of precipitate or 
crystals. The red and blue solutions have been analyzed for UV/ 
Visible spectra.
3-2.2.2. Cs/V/Ascorbic Acid/H^O^
Procedure:
An analogous procedure to the K/V/Ascorbic Acid/H^O^ system is 
followed to obtain a clear vanadium reaction mixture upon the fil­
tering out of undissolved 7^0^ particles. This solution is then 
cooled in an ice bath and ascorbic acid ( 0.97g, 5 mmole), dissolved 
in water, is added, turning the solution blue-black immediately.
10 ml of t 2^^2 Percen^) is added until bubbling ceases, and the
solution remains clear and deep red. The solution is left in an ice 
bath for about thirty minutes, and 95 percent EtOH is then added to 
induce precipitation. The solution turns cloudy, but no precipitate 
is observed. After being left in a refrigerator overnight, the solu­
tion turns clear blue with no precipitate or crystals in sight. Suc­
cessive trials varying the method of preparation have shown the same
behavior.
64
3.2.2.3- NH^/V/Ascorbic Acid/H 0
Procedure:
NH^V0^(0.59g, 5 mmole) is dissolved in NH^OH (30 percent, drops), 
water (10 ml), and' H202 (30$, I ml. 9 mmole) without heating. A clear 
solution is obtained, under occasional stirring, and is cooled in an 
ice bath. Ascorbic acid dissolved in water is then added dropwise.
With slight bubbling, the solutions turn a clear, yellow-orange. At­
tempts to precipitate with 95 percent EtOH were unsuccessful, leading
to excess orange oil. No precipitate or crystals of any type have 
been obtained, and upon sitting in the refrigerator, the solution turns 
clear blue.
3.2.3* Malonic Acid
3.2.3.1. System K/V/Malonic Acid/H202
A. Procedure
V20 5(1.0g, 10 mmole), combined with KOH (0.7g» 10 mmole) pel­
lets, are dissolved in water (8-10 ml). The mixture is mildly 
heated at 40°C until a clear solution is obtained. To the clear 
solution, malonic acid (1.15g, 10 mmole) is added in small por­
tions, dissolving each portion thoroughly. The solution is cooled
to room temperature and ^2 ^ 2 ^  ^  percent, 45 mmole) is added
dropwise under vigorous stirring. The solution is briefly cooled
in an ice bath if the reaction becomes too rigorous. The solution
is left standing at room temperature.
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B. Observations
1. Upon addition of malonic acid, red (burgundy) pre­
cipitate forms in the solution. The precipitate 
disappears when H^O^ is added and a clear red-orange 
solution is obtained. The pH of this solution is
about 4* When precipitated immediately with 95 per­
cent EtOH, a brownish-orange (maybe a mixture) is
obtained. Needlelike orange crystals are obtained 
by leaving the mother liquor standing at room tem­
perature or in a refrigerator.
2. When the solution or mother liquor is left standing 
for more than 5 days, it acquires a greenish tint 
which can be easily removed by the addition of ex­
cess H 0 .
2 2
5* If the solution is cooled to room temperature before
malonic acid is added, burgundy precipitate does not 
form. Instead, the solution remains clear orange 
with the pH of 5-6, and large, orange crystals are 
obtained in 2-3 days.
4* A similar procedure was carried out at three differ­
ent p H ’s:
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pH
0
B CO
S SO
E
R afte
V
A
T m
I 1
0
N afte
S
2 days
3 days
clear red
burgundy
crust
brownish
green
no change
5 7
clear orange clear yellow
no precipi­
tation
clear orange
large orange 
crystals
yellow crust 
forms
clear yellow
more yellow 
precipitate
3.2.3.2. Cs/V/'Malonic Acid/H2C>2
A. Procedure
Exactly the same procedure is followed to prepare the clear 
orange K/V/Malonic Acid/H^O^ solution. This solution is then ad­
justed to a pH of about 5 and left standing overnight at room tem­
perature. The next day, this solution is precipitated with the 
equivalent weight of CsCl (0.98g/‘0v5 g ^2^5^ an^ excess 95 percent 
EtOH.
B. Observation
A fine, orange, crystalline substance falls out of the solu­
tion with the addition of EtOH. This is filtered, dried and ana­
lyzed.
67
3*2.4* Succinic Acid
3*2.4*1* System K/V/Succinic Acid/H^O^
A. Procedure
Y^O ^(0.5 g, 5 mmoie) is dissolved in KOH (0*30 g, 5 mmole) 
and water (10 ml) by gently heating at 40°C under occasional stir­
ring. When a clear, colorless solution is obtained by adding ad­
ditional drops of saturated KOH solution, it is filtered to remove 
any undissolved particles of Y^O^. Succinic acid (0.65 g, 5 mmole) 
is dissolved in water by gently heating it at 40°C. Upon dissol­
ving, it is cooled to room temperature and added dropwise to the 
vanadium reaction mixture. The solution turns clear orange with
a pH of about 5* This is now cooled in an ice bath and H 0 (1 ml,
^ 2 2
30 percent, 18 mmole) is added. The solution remains clear orange. 
To induce precipitation, 95 percent StOH is added dropwise. Orange 
precipitate, which is observed immediately is filtered and washed 
with 95 percent EtOH and the mother liquor, is saved and left in 
the refrigerator. In about 2 days, large, orange crystals, similar 
to the orange crystals obtained in the malonic acid system, are ob­
tained. The crystals are analyzed by IR.
B. Observations
1 . When ^2^2 vanadium reaction mixture
before succinic acid is added, the solution turns 
red-orange with a pH of about 4 upon addition of 
succinic acid. However, similar orange precipitate
and the orange crystals are obtained from the ori-
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ginal reaction mixture and the mother liquor respec- 
t ively.
2. When excess H^O^is added, bright yellow precipitate 
is obtained which is most likely a peroxyvanadate(V).
3*2.4*2. System Cs/V/Succinic Acid/H^C^
A. Procedure
A procedure similar to that for K/V/Succinic Acid/H^O^ system 
is followed until the clear orange solution is obtained. To this 
solution, CsCl (0.98 g, 5 mmole), dissolved in water, is added and 
stirred vigorously. When 95 percent EtOH is added to induce preci­
pitation, a similar orange precipitate is obtained. The mother li­
quor of this system also produces large, orange crystals. These are 
analyzed by IR spectra.
B. Observations
1. The solution does not change color upon addition
X
of or succini-c acid.
+
2. The Cs system behaves very similarly to the K 
system. Excess ^ O ^  results in the formation of 
bright yellow peroxyvanadtes(V ) .
3-2.4 .3- System NH^/V/Succinic Acid/H 02
Procedure:
NH^V0^(0.59 g, 5 mmole) is dissolved with NH^0H(3Q&, drops) 
and ^2 ^ 2 m^ , ^ mmole). Clear yellow solution is obtained by
gently heating the reaction mixture at about 40°C. Succinic acid 
(0.65 g, 5 mmole) is added to the solution. The solution remains 
clear yellow with a pH of about 5- Precipitation is attempted with 
95 percent EtOH, however, no precipitate is observed. Leaving it 
in the refrigerator for several days still does not produce preci­
pitate or crystals.
3-3.. PHYSICAL MEASUREMENTS OF THE COMPOUNDS
3 .5 .1. Infrared Spectra of the Complexes
Infrared spectra were recorded in nujol mulls using Bausch and 
Lomb, Shimadzu 250 IR, and Perkin and Elmer model #320 spectrometers 
Procedure:
A small portion of the sample is finely ground using mortar and 
pestal. One drop of nujol is added to make a smooth mull. The mull 
is smeared on sodium chloride plates and inserted into the sample 
holder of the spectrometer. The Spectrum is obtained in the wave­
length range of 4000 to 600 cm *.
3.3.2. UV/Visible Spectra
UV/Visible spectra are recorded on the Beckman ActaVI Spectro­
meter, using 1 cm quartz cuvettes.
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Procedure:
1. For the crystalline complex, about 20 mg of the sample 
is dissolved in KH^PO^/NaOH buffer solution(50 ml,
M  =0.1) with a pH in the range of 1 to 2. The spec­
trum of each sample is recorded with a scan span 
of X  = 200-700 nm. ^(max) of each spectrum ob­
tained .
2. For the mother liquor of the complexes and the ori­
ginal solutions from which the crystals were not 
separated, the solution sample is diluted with 
KH^PO^/NaOH buffer soluti on or water until the ab­
sorbance is reduced enough to be resolved on the 
spectrum with A = 3 • The spectrum of each sample 
is recorded in the scan span of X= 200-700nm, and 
i'ts X(max) measured.
3-4. ANALYSIS OF THE COMPLEXES
\
3*4*1. Analysis of Peroxide
3*4*1*1* Na S 0 (Sodium Thiosulfate) Titration 
2 2 3
The iodide ion is an effective reducing agent that is widely
used to analyze various oxidants. Iodide solution itself is very 
susceptible to air oxidation, thus a standard solution of
solution is used to titrate the iodine liberated by the analyte
71
with excess potassium iodide.
The reductions of peroxide and vanadium occur according to 
the following equations:
V ( v )  + I-  --- ^ V(IV) + £ I2
4H+ + 0 2~ + 21" =rr-^  2H 0 + I
2 * 2 2
The reaction between iodine and thiosulphate proceeds as: 
2S2032“ + I2  --^ S^Og2" 21“
The ratio of V (V):peroxide titrated to the amount of sodium 
thiosulphate consumed is 1:2, and their respective equivalents can 
be calculated. Accordingly, the vanadium and peroxide content of
compounds have been analyzed with 0.05 N, Na^S^O^ solution.
Procedure:
About 20.0 - 30.0 g of the compound is dissolved in water 
(2-3 ml). KI (0.5 g) is added, along with H^SO^OO ml, 1 IT). The 
solution is heated to about 40°C and then cooled to room tempera­
ture for about thirty minutes. The cooled solution is then titra­
ted with (0.05 N) solution using starch as indicator.
3-4.1-2. Ce(lV) Potentiometric Titration
Ce(lV) is a very potent oxidizing reagent and is indefinitely 
stable(67). It reacts with peroxides according to the reaction:
2Ce^’+ + 022- ;==*: 2Ce3+ + 02
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Accordingly, the peroxide content of peroxide containing com­
pounds can be determined.
Procedure:
A 20 - 30 mg sample of complex to be analyzed is dissolved in 
8 ml of 1 M H^SO^, and diluted with water(8 ml). The sample is 
titrated against Ce solution. Prom the volume of Ge solution 
added to the equivalence point, the peroxide content of the complex 
is determined.
Potassium Analysis
The potassium content of complexes was determined by atomic ab­
sorption in another laboratory.
3.4.3- Vanadium Analysis
The vanadium composition of complexes has been determined by 
^a2^2^3 " k i o n s  as described in section 3*4.1.1 *, and by atomic 
absorpt ion.
^^.4 .4 . Carbon, Hydrogen and Nitrogen Analysis
The carbon, hydrogen, and nitrogen analyses have been done by 
microanalysis through G-albrath Laboratories, Inc..
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4*0. RESULTS AND DISCUSSION
4*1* PEROXO MALATO VANADATES
The complexing behavior of malic acid with transition metals 
has been demonstrated by the synthesis of crystalline, colorless 
compounds of Nb(V)-^ and other malato complexes of Cu(ll)^, Ni(ll)^
c p
and Mo(VI). The malato complexes of vananadium have not yet been 
reported.
We have investigated the complex formation of V(V) with malic 
acid, and in the process, have obtained well crystalline malato 
complexes of vanadium. Red, monoperoxy malato vanadates of the 
formula M (VO (0£) (C^H^Osj . H^O where M = K, Cs , Na, and NH^ have
been prepared in aqueous solutions of vanadium pentoxide, malic 
acid, hydrogen peroxide and respective hydroxides of the salt.
These compounds are highly soluble in water and readily decompose 
at room temperature. They have been analyzed for C, H, N, V and 
0^^” , and have been characterized 4)y infrared and UV/Visible spec­
tra. Presently, the X-ray. structures of the crystals are in the 
process of being determined.
The principle experimental evidence used to characterize these 
complexes involves the infrared assignment of coordinated carboxylic
acid observed near 1650 cm * , V=0 and 0-0 stretching frequen-
-1cies observed around the 1000-800 cm region, and chemical analysis. 
In comparing the infrared spectra of the complexes with the spec­
trum of malic acid shown in Table 6 , the following characteristic
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changes are observed. A well resolved -OH stretching band of malic 
acid at 3300 cm-  ^ is replaced by a broad absorption occurring bet­
ween 3500-3000 cm"^ of the spectra in the complexes, which indicates 
the presence of hydrogen bonding, and this most likely comes from 
the water molecules present in the complex. A strong band, found
_ i
in the spectrum of malic acid at 1680 cm with a shoulder at 1725 
cm~* which originates in part from the C-0 stretchings of the car­
boxyl groups, is replaced in the spectra of the complexes by two dis­
tinct bands at 1650 and 1580 cm’^ , indicating the presence of a coor­
dinated malato ligand. Some changes in the region between 1400 and
1100 cm"^ also occur due to the changes in the malato ligand environ-
-1ment. Most significant changes occur near 920 cm region, where 
the V=0 stretching frequency is prominent along with stretching fre­
quencies of the coordinated peroxide group at 865 and 825 cm”^ . The
spectrum of the individual salts do not vary much except for the band
-1 4*near 3580 cm , which appears in the HH complex and is assigned to
4
the N-H stretchings.
An analysis of the complexes is shown in Table 10. The calcu-
2-lated values of the C, H, N, M, Y,xand analyses of the comple­
xes agree well with the experimental results found. The composition 
percentage of peroxide derived from Ce^+ titrations shown in Table 12 
corresponds well with values obtained by iodometric determin-
ation for vanadium and peroxide. The results of six Ce titrations 
of each compound have been averaged to obtain the values given in the 
Table 12.
The UV/Visible spectra of these complexes have been recorded in 
solutions at pH 5 with the exception of the sodium salt, which has
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been recorded at a pH of about 2. Broad peaks with ^(max) -near 420 
nm are obtained for the solutions of K+ , Cs+ , and NH^+ complexes,
which have a characteristic red color of monoperoxo vanadates. At
pH 2, as in Ha salt solution, a peak and a shoulder near 460 and
280 nm respectively are observed. This variance represents the
change in charge transfer bands atmosphere showing dependence upon
the pH of the solution.
During the preparation, stable, cryatalline oxoperoxo malato
vanadates can be easily separated from the aqueous soltion. How-
ever, their stability is not permanent. With NH, salt being the
•+
fastest, the compounds readily decompose to a black crystalline 
residue upon standing at room temperature. The decomposition is 
most likely due to the peroxo group, since when progressively ana­
lyzed by iodometric titrations, the meq Na S 0 per g of substance
C m  C *  J
decreases according to the graph shown in Figure 54* The compounds 
sustain themselves for some time, then rapidly decompose around the 
IOth day. Consequently, the compounds have been analyzed as quickly 
as possible after drying over drierite.
The stability of the compound^ seem to be prolonged by washing 
the crystals upon filtering sequentially with 50 percent, 95 percent, 
and finally absolute alcohol, to remove mother liquor and water resi­
due. Before this procedure was applied, the compounds turned black 
in about 2-3 days. However, after using the washing procedure, the 
compounds changed from bright red, to burgundy, dark brown, and fi­
nally to a black color as shown in Figure 54-
The structure of these complexes is presently in the process 
of being determined, however, we may proceed to speculate on their
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possible structures. Since the complexes have been prepared in the 
solution at a pH of about 4, the coordination of the ( )  ion
is expected to be the same as in the previous systems studied by
68 “1Rajan and Martell. C-0 stretching appearing below the 1700 cm
region in the spectra of the complex along with subtle changes in 
the 1400-1100 cm~^ region may suggest, as in a previous Cu(ll) tar­
trate infrared study done by Kirchner and Kiesling,^ that both the 
carboxyl and the hydroxyl groups of the malato ion are coordinated 
to the vanadium atom. With all facts considered, the complex may 
exist in a dimeric conformation with two vanadium atoms joined to­
gether by two malato ligands coordinated to the vanadiums.
The interaction of vanadium metal with malic acid molecules 
reveals some interesting infomation about the possible biochemistry 
of vanadium in the human body. Since malic acid is an intermediate 
molecule in the Krebs or citric acid cycle (Figure 57), and vanadium
is usually found in high concentrations in mitochondria where the 
Krebs cycle takes place, vanadium may play a role in interfering 
with the normal metabolic cycle via the binding up of malic acid
molecules. However, it is also possible that coordination with 
malic acid is simply one way of vanadium interacting with any
complexometric species that may be present in living organisms.
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4-2. PEROXO CITRATO VANADATES
There are many practical applications for citric acid
6 0because of its good chelating ability. It consists of several 
electron donor atoms with three carboxyl and one hydroxyl group.
Consequently, it readily forms complexes with transition metals.
/  \62 /  .61 , .62 
Its complexes with Ee(II) , Ni(II) , Mn(II) and other metal
ions are well known, but its complexing behavior with vanadium 
has not yet been investigated.
We have studied the chelating behavior of citric acid with 
V(V) ions in aqueous solutions, and we have successfully synthe­
sized crystalline oxo and oxoperoxo citrato complexes of vanadium 
(V). From aqueous solutions containing vanadium pentoxide, citric 
acid, hydrogen peroxide and various oxides, complexes of the for­
mula K [VO^Citrato^ .H^O and M CVO (0£) Ci tratcTj .H^O where M = K, Cs , 
NH^, and Na, have been isolated. In order to obtain peroxo species, 
the hydrogen peroxide must be added to the reaction mixture during 
preparation before citric acid. Otherwise, vanadium quickly binds 
to the citric acid yielding the oxb complex and peroxo species do
not form. These compounds have been analyzed for C, H, N, V, and 
2—0^ and characterized by infrared and UV/visible spectra, The 
structure of {VO (O^Citratqj has been determined through X-ray 
crystal structure analysis by E. Sinn, et al. .at the University of 
Vi rginia.
Characteristic changes are observed when the XR— spec.tra of the 
comp 1 exes^are^comp a r e d the— IR—spectrum of citric acid. The 
most prominant change is observed near 1600 cm*1 region where the C-0
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—  1stretching frequencies of citric acid at 1680 and 1740 cm 'are
replaced by 3 peaks around 1715, 1660, and 1600 cm”* in the spectraN
of the complexes, indicating that at least two of the carboxyl groups
are coordinated. One band observed near 1720 cm”1 in spectra of both
the citric acid and complexes indicate that at least one carboxyl
group of citric acid remains uncoordinated. There are also subtle
- ichanges observed near 1400-1100 cm region, where a strong peak is
_ i
observed near 1065 cm in the spectra of the complex, whereas the 
spectrum of citric acid shows no such peak. Most^ ojD^ v-i-Qus changes 
are observed in the 800-1000 cm”* region, which is characteristic \ 
of V=0 and 0-0 stretching. Peaks are observed near 850 and 925 cm * \ 
in the spectra of the complexes while they are absent in the spect­
rum of citric acid. These bands are assigned to the stretching 
frequencies of V=0 and 0-0 groups of the oxoperoxo vanadates respec­
tively .
Using IR assignments, oxo and oxoperoxo complexes can 
tinguished. During the preparation of the peroxo species,
trie acid is added to the reaction mixture before hydrogen
it quickly coordinates to the vanadium, forming a greenish 
tate which has been shown to be the oxocitrato vanadate(V)
In comparing the IR spectra of oxo and peroxo complexes of 
an additional broad band is observed near 855 cm ^in the spectrum
of the peroxo species which is absent in the spectrum of the oxo
_ *
complex. However, both spectra show bands in 960 cm region, 950
cm”*for the oxo and 980 cm”*for the peroxo complex. These bands
are characteristic stretching frequencies of the terminal V=0 group, 
which are present in both complexes.
be dis- 
i f c i-^  
peroxide, 
precipi- 
complex.
K salt,
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2-
The complexes have been analyzed for C, N, H, V, and 0^
The results obtained agree well with the calculated values as shown 
in Table I I, except for the Cs+ complex, a discrepancy which is 
most likely due to its poor solubility in acid. Iodometric titra­
tions of oxo peju3.xo_.__y a n ad a t e_s£V) require three electron equivalents,
and peroxide analysis by Ce titrations requires two electron equi­
valents for monoperoxy vanadates(V). The three equivalents result­
ing from iodometric titrations come from the reduct ion...of V(V) to
V {IV) species. Ce titrations, on the other hand, involve the
U+
oxidation of peroxides only, which requires two C e ' ions per
U<4-
peroxide atom. The results of Ce titration listed in Table 12 
are the averages of six titrations. The_jvange represents the 
inaccuracy in obtaijn i ng the endp_oints from jthe_ jbrtrat.i.on_curves.
Not all the complexes have been analyzed by Ce titrations. These 
have been merely used to double check the values obtained from the 
iodometric titrations.
The UV/Visible spectra of these complexes have been recorded 
in solutions with varying pH. Solutions of Cs and NH^ salts 
absorb with /Vmax near 415-420 nm at pH 4-5* Na+ salt complexes 
solution with pH 2 absorb with a peak at 450 nm and a shoulder at 
285 nm. The absorbance is very similar to the absorbance of the 
peroxo malato vanadate complexes. The mother liquor of the K+ 
salt complex (pH = 5), where the crystalline complex has been 
already separated out, absorbs with /\max at 320 nm. The color of 
the solution is no longer red but orange, which means that all the 
stable complex has been separated out and the solution only con­
tains the remaining ions which did not crystallize.
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The structure of oxoperoxo citrato vanadate(V) complex has 
been determined by X-ray structure analysis by E. Sinn, et al. 
at the University of Virginia laboratory. According to structural 
analysis, the complex is of^djjneric configuration with two citric 
acids twisted and coordinated into two vanadium atoms as shown in 
Figure 55• The two carboxyl groups, a terminal and the middle 
groups, and the hydroxyl group of citric acids~~are bound to the 
vanadium atoms, while the other carboxyl group dangles from the 
complex. The infrared frequencies of the complex observed near 
1720 cm"^ correspond to the carbonyl stretching of the free car­
boxyl group. The two vanadium atoms are bound to each other by 
bridging hydroxyl groups extending from the two citric acids. The 
two carboxyl groups bound to the vanadium atoms form five, six, 
and even seven membered rings about the vanadium atoms. The hy­
droxyl and the middle carboxyl groups form the five membered ring; 
the hydroxyl and the terminal carbox^d^ form a six membered ring; 
and finally, the two middle, and terminal carboxyl groups form the 
seven membered ring.
The stereochemistry about the'vanadium atom is pentagonal
bipyramidal with two oxygens from the peroxide group, two 
oxygens from the hydroxyl groups and one oxygen from the middle 
carboxyl group ,forming the pentagonal plane about the vanadium 
metal. The terminal oxygen of the oxovanadium and one oxygen 
from the coordinated carboxyl group occupy the apices.
The free carboxylic acid group may lose its hydrogen and 
attach to other dimers to form an infinite array of complexes as 
shown in Figure 56. This dimeric complex is found to exist in a
8 1
rhombic lattice.
The coordination behavior of vanadium(V) ions with citric 
acid is quite exciting and interesting. As previously stated, 
malic acid is an intermidiate molecule in the Krebs cycle. How­
ever, citric acid is the first major species entering the cycle 
derived directly from the three carbon unit product of glycolysis, 
pyruvic acid. It proceeds through the cycle and onto the rest of
the respiration process where these carbon units are metabolized
13into the final products C0o and H90. ^Relating the metabolic cycle
to vanadium, it was reported previously that during.__glucose—me-ta-
ions, and the biochemical mechanism was not known. It is a great
through means of interacting with both citric and malic acid. The 
toxicity related to high level of vanadium may proceed by a similar 
mechanism, interferring with the normal glucose metabolism.
Furthermore, some peroxyvanadates have been found to be anti- 
tumor active in laboratory mice, again with its mechansim uncertain 
It is well known, however, that tumor cells generally have abnor­
mally high metabolism. It is a possibiliy that in the presence of 
vanadiujn,_the metabolism of the cells are inhibited by the coordina 
tion of vanadium with citric and malic acids, thus reducing its fun 
tion and more importantly, the normal level of the metabolism.
boljism, the CO^ level was decreased in the presence of vanadium
possibility that such biological effects are caused by vanadium
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4-3- PEROXY TARTRATO VANADATES
The composition and structure of tartaric acid complexes have
5 5 56"been the subject of much interest and speculation. ^ Various tar-
67taric acid complexes of oxovanadium(IV) have been synthesized*^ and
characterized along with Cu(ll) complexes, and their structure and
54-characteristics have been investigated. Studies of complexing be­
havior with vanadium(V) ions, especially in the presence of perox­
ides, have not been reported.
In our laboratory, we have investigated the chelating ability 
and the stability of tartrato vanadium(V) complexes in aqueous 
solutions by successfully synthesizing the oxoperoxotartrato com­
plexes of vandium(V). Red-orange precipitate, like the fine cry­
stals of oxoperoxo tartrato vanadate(V) of the formula M^VC^C^)
. x^O, (M = K, Cs), have been prepared from aqueous solu­
tions containing tartaric acid, vanadium pentoxide, hydrogen perox­
ide, and the respective hydroxides of the desired cations. Pre- 
parations of Na and NH^ salts also have been attempted, however, 
the desired products have not yet fceen successfully separated from
the aqueous solutions. The K and Cs salts and other products
+  ■+*
obtained from preparation attempts of Na and NH^ complexes have
4+
been analyzed for C, H, N, and V, and peroxide content by Ce and 
Na_So0_ titrations, and characterized by infrared and UV/visible
^ £ j
spectra.
+
When the IR spectrum of the K salt complex of peroxo tartrato 
vanadium species (Figure 38) is compared to the IR spectrum of tar­
taric acid (Figure 37), differences are observed in the following
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—  1areas. Near the ^^00 cm region, two bands observed in the spec­
trum of tartaric acid are no longer found in the spectrum of the 
complexes. They are replaced by a broad band which can by assigned
to the -OH stretching of hydrogen bonded water molecules in the cry-
-1
stals. Around 1700 cm region, a single broad peak observed in 
-1
1720 cm of the spectra of tartaric acid is replaced by two bands
-1
of different intensities at 1720 and 1640 cm . The change is pro­
bably due to coordination of carboxyl groups within the complex, and
-1since a band still exists in the 1720 cm region, it may be assumed
that one carboxyl group remains uncoordinated. A few subtle changes
-1are observed in the 1400-1000 cm region. The absorption bands, 
which originate from vibrational frequencies of the constituent 
groups of tartaric acid, are slightly shifted. For instance, the
peaks in tartaric acid at 1 310, 1125, and 1080 cm * are shifted
_ ^
to 1295, 1120 and 1060 cm respectively. This indicates a change
in the molecular environment of tartaric acid upon coordination.
-1A distinct V=0 band near 965 cm is not observed. However, chan-
_  i
ges are observed in peaks with shifts of 985 and 940 cm , to 975
■•I 'and 925 cm , and may be attributed to the presence of vKV=0).
Peroxo bands are also difficult to identify. However, the changes
_ 1
in the region around 840 to 900 cm due to the disappearence of
-1820 and 865 cm peaks of tartaric acid and appearence of a sharp
-1 -1peak at 830 cm along with a shoulder at 890 cm may be affected
by its presence.
During the preparation of Cs salt, two different products 
have been obtained via two different preparatory procedures. The 
orange precipitate obtained by a procedure similar to that to ob­
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tain the K+ salt, after adding CsCl, does not yield a pure complex, 
as shown in the IR spectrum in Figure 40. Although bands are seen
around regions similar to the K+ salt complex (ie. peaks at 3300,
—  1 —  1
1720, 1600, 950 cm and a shoulder at 840 cm ), none of the bands
are resolved enough to enable proper assignment. The product ob­
tained, by another procedure, namely the formation of crystals from 
red oil developed in the reaction mixture, indicates the formation
of a new and different complex. Looking at its IR spectrum, a broad
-1 -1band near, 3400 cm , and three peaks near 1720, 1700 and 1650 cm
are observed which indicate the stretching frequencies of a coordi­
nated carboxyl group. A significant change is observed in the 1400-
- 1 -11100 cm region, where three peaks occuring near 1200 cm in the
spectrum of tartaric acid are no longer present in the spectrum of 
the complex. Very strong bands near 940 and 880 cm * are also ob­
served, clearly indicating the presence of V=0 and 0-0 groups.
i
A product obtained in lieu of preparing the NH salt of the
complex is also interesting. Looking at its IR spectrum, a broad
-1
band is observed at 3250 cm , which may be a combination of N-H
and 0-H stretching frequencies. T3ands also occur near the 1720 
-1
and 1560 cm region which, may be due to coordinated carboxyl
-1stretchings. Slight changes are observed in the 1400-1100 cm
-1region. Near 960 cm , where the oxo vanadium peak should be, a 
broad shoulder is found instead of an identifiable peak, adding
skepticism to the actual composition of the complex. A new peak
-1 -1is observed at 900 cm and at 840 cm , either of which could be
the peroxo stretching frequency. Preparatory attempts to prepare 
Na salt for the complex led only to the formation of sodium tar-
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trate.
+ +
The Cs compound obtained from oil and the K compound, which
are most likely to be the desired products, have been analyzed for
2-
C, H, V, and 0£ , as shown in Table I 1, and the analysis agrees
well with the calculated values for the expected formula..
UV/visible spectra of the K* and Cs* compounds and the mother 
liquor of NH. and Na have been recorded, and the results are 
shown in Table I 5- The solutions of K* and Cs* salts and the 
mother liquor of UH^ salt at a pH of about 2 absorb at ^\(max) 
near 450 n m , characteristic of the peroxo species. However, the
4* ,
solution of the reaction mixture of Ha salt at pH 5 (The solu­
tion is unstable and turns blue at pH 2) resembles the solution 
without peroxides, which is indicated by the appearence of a simi-- 
lar shoulder with ^Xmax near 450 n m . From this we may conclude that 
the complex did not quite form even. in the solution. Absorbance
4 4 4
for the NH^ complex is similar to the one for K and Cs salts
indicating that the complex has formed in the aqueous solution,
*
and the difficulty lies in separating it in the solid complex.
Similar to peroxo malato vanadate(V) complexes, these tar­
trato complexes readily decompose at room temperature. Upon 
separation from their respective reaction solutions, the orange- 
red compounds turn green, and then black in matter of hours. 
Applying the washing procedure as explained for the peroxo malato 
compound section, and immediately refrigerating upon filteration 
seems to prolong the decomposition only for a few hours, barely 
enough to carry out the analysis.
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4-4. PEROXO EDTA VANADATES
Of the various EDTA complexes known, the compound of the 
formula Na^[VO EDTAJ has already been prepared and its X-rayj 2
1 *structure analysis has been done. ** We have prepared the anal­
ogous light green potassium salt complex of the formula K^fVO^- 
EDTA^] .HgO. Characteristic changes are observed when the in­
frared spectrum of this compound is compared to the spectrum of 
Na£H2EDTA. The IR spectrum of the compound shows peaks in the 
regions 945 and 1600 cm”1 which are the characteristic stretch­
ing frequencies of oxovanadium(V=0) and C-0 of the coordinated 
carboxyl groups. C-0 bands of Na^H^EDTA around 1670 and 1650 cm”* 
(Figure 45) have been shifted to 1650, 1620 and 1585 cm”* , most
probably from the coordination of the carboxyl group to the me­
tal. The compound has been prepared for use in the preparation of 
the oxoperoxo EDTA vanadate(V) complex, and comparison of its IR 
spectrum with that of novel peroxo complexes.
Analogous to niobium(V) and tantalum(V), which form stable
37oxoperoxo complexes, vanadium(V') should form peroxo EDTA vana­
dates. After numerous attempts, the preparation became successful, 
producing well crystalline and stable complexes of the formula 
M £V0 (02)H2EDTAi, (M = K, Cs) . These compounds have been characte­
rized by IR and UV/visible spectra, and analyzed by iodometric 
and Ce^+ titrations.
Comparing the IR spectrum of Na2H2EDTA and spectra the peroxo 
compounds, characteristic bands indeed indicate that EDTA as well 
as the peroxo group are coordinated to the vanadium metal. The 
change in the peaks in the 1600 cm * region going from 1670 and
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1 630 cm in the spectrum of EDTA to a broad band at 1610 cm^ 'most 
likely involves the C-0 stretching frequency of the coordinated 
carboxyl group. Furthermore, characteristic bands of peroxides 
which are not observed in either the spectra of EDTA or the oxo
complex are evident around 890 and 825 cm"^. Spectra of both the 
oxo and the peroxo complex have the V=0 stretching mode at 940 cm’^ .
The indications found in the IR data are confirmed by the 
analytical results. The analysis of vanadium and peroxide for 
both compounds via iodometric titrations agree with the calcu­
lated values for the expected formula. The Cs+ salt complex has 
been analyzed for C, H, U and V content, and the found values
also agree relatively well with the calculated values. The data
+
obtained from Ce titrations are close to the value for the Cs 
salt complex, but the value obtained for the K salt complex does 
not agree with the calculated value. Unfortunately, we have not
been able to obtain the same K+ salt complex when the preparation 
was repeated, and as seen by the results, the compound analyzed by 
the Ce titration is not the desired complex.
The color of the aqueous solutions of these complexes are red, 
characteristic of the color of monoperoxy vanadate(V) complexes.
The UV/visible spectra of the Cs and K complexes have been recor­
ded in buffer solutions with various pH's. In an acidic pH of 1-2, 
all the solutions absorb at ^(max) near 450 nm with a shoulder near 
the 280 nm region. At higher pH's, the ^\max of the peak shifts down 
to the 410 nm region, and the shoulder disappears.
Observing such absorbance characteristics indicate that the 
complexes do indeed form in the solution, but the difficulty lies 
in separating the stable solid state complexes out of solution.
8 8
During the preparation, the crystal formation is enhanced by' forma­
tion of red oil when precipitation is induced with alcohol. The red 
oil eventually turns to red crystals when the solution is saturated 
with excess KC1 and CsCl for the K and Cs system respectively. 
Replication of this procedure for the Cs complex has been success­
ful, leading to orange-red crystals which can be separated from the
aqueous solution, however, the red oil persists in the K complex 
system.
In order to obtain the desired complexes, the perfect reaction 
environment conditions must be achieved, including a specific pH 
range, ionic concentration and temperature. For the preparation of 
oxoperoxo EDTA complexes of vanadium(V), various procedures have 
been tried to find the optimal conditions, and in the process, the 
following observations have been made. When the pH of the solution
is raised to 8-9, and/or the concentration of the peroxide is raised, 
the color of the solution changes to orange and bright yellow, and 
peroxy vanadate is obtained upon precipitation with alcohol. At a
very low pH, it seems that peroxides are very unstable, as they de- 
compose and bubble oxygen out of solution. Under various other con­
ditions, crystalline orange vanadates have been obtained, for which 
the IR does not show the presence of stretching frequencies related 
to coordinated EDTA or peroxo groups.
The oxoperoxo EDTA vanadate(V) complexes are most stable in the 
pH range of 5-6, most likely indicating two of its carboxyl hydrogens 
have been dissociated. In that case, EDTA may behave as bidentate, 
tridentate or quadridentate ligands with the assistance of two nitro­
gens with free pairs of electrons. According to the strong chelating 
ability of EDTA, it most likely behaves as a quadridentate. When co-
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ordinated to the vanadium atom, along with the peroxo group,- the com­
plex may take on a configuration shown in Figure 57*
O COOH
/  M  N
0  v  I
* COOH
Fig. 57 Proposed structure of
oxoperoxo EDTA vanadate(V)
Two nitrogen and the two oxygen atoms of the dissociated carboxyl 
groups participate in the coordination, and the other undissocia­
ted carboxyl groups dangle freely from the complex. The two oxygens 
from the symmetrically coordinated' peroxo group and the two nitrogens 
and one oxygen from one of the carboxyl groups form the pentagonal 
plane, and the terminal oxo oxygen and the oxygen from the other car­
boxyl group form the apices of the pentagonal bipyramidal configura­
tion. Of course, this is merely a speculation and needs to be veri­
fied by X-ray crystal analysis.
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4*5. SYSTEMS PROM WHICH STABLE SOLID COMPLEX
WERE HOT SEPARATED
4.5.1. OXOPEROXO LACTATO SYSTEM
Lactic acid is a 2-hydroxy propanoic acid (Figure 58), which 
can coordinate to a metal ion as a bidentate ligand with an univa­
lent negative charge.
CH^ —  CH ---  COOH
I
OH (pKa = 3-86)
Fig. 58 Lactic Acid
Accordingly, it is expected to behave as a bidentate ligand and
form a five membered ring about the vanadium(V) atom, possibly 
forming the following complex:
/
O - d o
o
o
o
o
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K_[vo(02)(Lac)^]
or
K2 [V0(02)2 (Lac)]
However, our experiments show that vanadium(V) is not stable in 
acidic solutions in the presence of lactic acid and hydrogen perox­
ide. The solution turns blue-black soon after lactic acid is added, 
indicating that a lower oxidation state of vanadium'is formed; pos­
sibly a mixture of vanadium(IV), which is usually blue green, and 
vanadium(III). When hydrogen peroxide is added to the solution, 
the solution turns dark red, which characteristically indicates the 
formation of a peroxo complex within the aqueous solution. A UV/vi- 
sible spectrum of this solution, however, only shows an absorbance 
with a shoulder around 310 nm, indicating the possibility of the for­
mation of the peroxo complex, but not with certainty. This color is 
unstable, however, turning to dark green in a few hours after stand­
ing at room temperature, then to clear blue overnight. Small bubbles 
of oxygen also constantly escape from the red solution during the 
process of the color change, indicating a loss of oxygen from the 
oxidation of hydrogen peroxide. The color change in turn indicates 
the reduction of vanadium(V) to vanadium(IV). When the UV/visible 
spectrum of the blue solution is recorded, it absorbs with a peak 
with a Amax at 775 nm and a shoulder at 5 95 nm.
The color change is reversible with the addition of excess 
hydrogen peroxide. This again slowly decomposes back to the dark 
green and then to the clear blue color, indicating the instabi­
lity of the red color, or rather, the vanadium(V) complex. The 
decomposition occurs more rapidly at elevated temperatures, and 
slower at ice cold temperatures.
It has not been possible to separate a stable solid peroxo 
complex from the solution which would contain the lactic acid li-
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gand. Under various reaction conditions, especially at a higher 
pH, a yellow peroxy vanadate is obtained. On comparing the IR 
spectrum of the yellow precipitate with the IR spectrum of the 
lactic acid, the characteristic peaks of lactic acid are absent, 
indicating that lactic acid has not coordinated to the metal. How­
ever, characteristic stretching frequencies of V=0 and the peroxo 
groups of the peroxy vanadate near 1000 and 850 cm’  ^ respectively 
are found. Analysis of vanadium and peroxide by iodometric titra­
tions show the presence of a peroxovanadate.
In a biochemical environment, lactic acid has been found to be 
a very efficient reducing agent for converting vanadium(V) species 
to the less toxic vanadium(lV) species. Similar effects are found 
under our reaction conditions, where V(V) is immediately converted 
to V(IV) upon addition of lactic acid. The presence of hydrogen 
peroxide may reverse the reaction, but only temporarily.
Attempts to synthesize the oxoperoxo vanadate(V) complexes of 
ascorbic acid (Figure 59), with the formula M [JVO (Og) ascorbatoj have 
not yet been successful.
4-5.2. OXOPEROXO ASCORBATO VANADATES
OH OH1
HO— CH2 CH C H - C
0
1
0
Fig. 59 Ascorbic acid
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The preparation of the compound has been attempted in aqueous 
solutions of vanadium pentoxide, ascorbic acid, hydrogen peroxide 
and hydroxides of the desired salt complex by varying the pH, re­
action temperature and concentration of hydrogen peroxide.
When ascorbic acid solution is added to the reaction mixture 
of vanadium(V) and peroxide ions, the solution immediately turns 
blue, indicating that vanadium(V) ions have been reduced to vana- 
dium(lV). This also means that ascorbic acid is a very strong re­
ducing agent for vanadium(V), and is somewhat analogous to lactic
\
acid. The solution quickly turns red with a violent release of gas, 
which indicates that the reaction of the peroxo group is taking 
place and the complex is possibly forming. Eventually, the bubbling 
subsides and the solution remains red-orange. When the red solution 
is recorded by UV/visible spectra, it absorbs with a shoulder near
310 nm as seen in the lactic acid system. It is uncertain whether 
the complex has actually formed.
When precipitation is attempted with alcohol, red oil is ob­
served in the flask with no precipitate or crystals. Upon refri­
gerating overnight, the solution turns clear blue, again without 
a trace of precipitate or crystals. The oil has also turned to 
blue. When the blue solution is recorded by UY/visible spectra, it 
absorbs with a peak at 780 nm and a shoulder at 565 nm, again, very 
similar to the spectra observed in the lactic acid system.
Variation in the procedure by adding ascorbic acid before hy­
drogen peroxide also leads to a blue-black solution, but it takes 
about three times the amount of peroxide before the bubbling sub­
sides in the reaction mixture and the solution remains clear red.
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No precipitate or crystals are observed upon precipitation with al­
cohol, and the solution eventually turns blue. Preparation attempts
with CsCl and NH.OH lead to similar results.
4
Again, our observation of the chemical behavior of vanadium 
in the presence of ascorbic acid and peroxides merely confirms the 
reducing behavior of ascorbic acid in anaqueous environment, or even 
in the biochemical environment, which has been revealed previously.
4.5.3. OXOPEROXO MALONATO VANADATES
Malonic acid is a dibasic dicarboxylic acid which possesses
chemical properties similar to oxalic acid, which readily coor-
33dinates with metal ions. Malonic acid, behaving as a bidentate 
ligand, should be able to form six membered chelate rings about
the metal ions (Figure 60). Analogous to the oxalato ligand,
2-
C^O^ , malonic acid is expected to form compounds of the formula
2—
K £V0(0 2)Mal] , (Mai = malonato ion, C^H^O^ ). Unfortunately, at 
various pH and temperatures, we have not been able to prepare oxo- 
peroxomalonato complexes.
0
Fig. 6 0 Five membered chelate
ring formation of malonato 
ion
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Upon addition of hydrogen peroxide to the reaction mixture 
of a pH of about 5, the transient red color of the solution turns 
to orange and remains stable for several days. Attempts to obtain 
UV/visible spectra in the range of 200 to 700 nm did not succeed.
The spectrum is flat until the 550 nm region, when strong absorp­
tion in UV begins. When this orange solution is left standing at 
room temperature or in a refrigerator, large, orange crystals are 
obtained. Disappointingly, when the IR spectra of the complex and 
malonic acid have been compared, they have proven to be merely oxo- 
vanadates which do not contain coordinated malonato ligands (Figure 
49) •
At various other pH's, other types of precipitates are collect­
ed. At a low pH of about 3-4, burgundy precipitate is formed upon 
the addition of alcohol. At a higher pH of about 7, bright yellow 
precipitate similar to that obtained in the lactic acid system forms. 
Their IR spectra and the results of vanadium and peroxide analysis 
by Na^S^O^ titration show they do not contain coordinated malonato 
ligands and are found to be oxo and peroxo vanadates respectively.
It seems that under our experimental conditions, oxoperoxo malonato 
vanadate(V) complexes do not form, or if they do, they are not sta­
ble enough to be separated from the aqueous solution.
4.5.4. OXOPEROXO SUCCINATO VANADATES
Synthesis of the oxoperoxo vanadate complexes of succinic acid, 
(Figure 61) has been attempted in an aqueous media by varying the pH, 
ionic and peroxide concentrations.
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HOOC  ---  CH2--- : CH2---- COOH
Fig. 6 1 Succinic Acid
Succinic acid may become a bidentate molecule upon diassociation 
of the two acidic hydrogens, and may coordinate to the vanadium 
atom by forming a seven membered ring about the metal with the for­
mula M [VO(0 )succinato] . However, the possibility of formation 
is expected to be low due to the instability of the seven membered 
ring.
As expected, we have not been able to prepare the peroxo 
complex of succinic acid under our reaction conditions. When the 
preparation is attempted in aqueous solution of pH 5 with about 3 
percent hydrogen peroxide content, clear orange solution is obtained. 
When precipitation is attempted with alcohol, orange precipitate is 
obtained. Further refrigeration of the mother liquor yields large, 
orange crystals similar to the orange crystals obtained in the malo­
nic acid system. When the IR spec'tra of these complexes are com­
pared (Figure 49 and Figure 51), peaks are observed in similar wave- 
length regions near 990 and 850 cm , indicating that both are 
types of oxoperoxo vanadates. Again, characteristic peaks of suc­
cinic acid are not found in the IR spectrum of the complex.
When the pH of the reaction mixture is lowered to about 3-4 and 
hydrogen peroxide is added, the color of the solution changes to 
orange-red. When precipitation is induced,' however similar orange 
precipitate and crystals are obtained. After adding excess hydro-
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gen peroxide to the reaction mixture, bright yellow peroxyvanadate 
is obtained. Synthetic efforts to form other salts of the complex 
using CsCl and NH^OH have not resulted in formation of the desired 
complexes.
When attempting to record the UV/visible spectra of the red- 
orange solution, as with the malonic acid system, it records a flat 
spectrum until the region of strong absorption at a UV of 500 nm.
With this system, it has been clear from the beginning that 
the formation of the oxoperoxo succinato vanadate(V) complex would 
be difficult since it requires the formation of a rare, stable seven 
membered ring about the vanadium atom. Finding that we obtain very 
similar precipitate and crystals for this system as for the malonic 
acid system indicates something about the chemical environment of 
the aqueous solutions from which oxoperoxo vanadium(V) complexes 
form. Not only must the correct complex form in the solution, but 
they also must be more stable than the oxo and peroxo vanadates ob­
tained in the malic acid and succinic acid systems to be able to be 
separated out of the solution as solid complexes. Whether the oxo­
peroxo heteroligand complexes have' actually formed in the aqueous 
solution may be determined- by studying the ionic composition and 
characterictic absorbance of the solution by UV/visible spectra.
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Table 12
2 -
Analysis of 0o by
4+ . d.Ge titration
%  o 2 :
2 -
Comp lex found c a l c .
......  .... ..........
M a i a t o :
k C v o ( o 2 ) ( c 4h 2o 5 ) ]  . h 2 o 10.93 t  1,18 11.10
C s  Cv0 ( 02 ) ( C 4H 205 ) ] . H  0 I 8.32  +  0.75 8.38
NH4 C V0 ( 02 ) ( C ^ H 205 ) ]  . H 20 I 11.26 +  1.29 11.98
C i t r a t o s  1
K r V O ( 02 ) ( G 6H 60? ) l  . H 20 I 8.71 +  0.93 8.81
N H4 f V 0 ( 02 ) ( C 6H60 ? ) ]  . H 20 I 9-62  +  1.02 9-35
|  E D T A :  J
j K [V O  (  02 )  H g E D T A ]  . H20 4-.17 +  0.43 7.14
c s [ v o ( o 2 ) h 2e d t a ]  . h 2 o 6.17  +  0.85 5-91
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Table 13
UV/Visible spectra of peroxo 
heteroligand vanadates(V)
Solution Color pH Peak/Shoulder max ^ nm
K/v/Malic/022_ red 4 - 5 peak 425
Cs/v/Malic/O 2~ red 5 peak 425
NH^/V/Mali c/0 2" red 5 peak 42 5
Na/v/Malic/o 2“ red 2 peak 460
shoulder 285
K/V/Citric/022"(ML) orange 5 peak 320
Cs/v/citrio/O 2_ red 5-6 peak 415
NH^/v/Citric/O 2" red 4'—5 peak 415
Na/V/Citric/O,2- red 2 peak 4 5 0
shoulder 285
K/v/Tartaric red 1-2 x shoulder 4 55
K/v/Tartaric/ red 1-2 peak 450
Cs/v/Tartaric/0^^“ red 1-2 peak 4 5 0
NH^/v/Tartaric/o^ red 2 peak 4 5 0
Na/v/Tartaric/o 2~
/
red 5 shoulder 4 5 0
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Table 13 (Contd.)
Solution Color pH Peak/Shoulder (nm) max' '
k /v /e d t a / o 2- red 1 peak **■53
shoulder 280
K/v/EDTA/O 2- red 5 peak **■15
Cs/v/EDTA/02 red l peak **■50
shoulder 280
Cs/v/EDTA/022" red 5 peak 410
K/V/Lactic/O 2” red 3 peak 450
K/V/Lactic/O 2* blue-•green 5 peak 775
shoulder 595
K/V/Ascorbic/O^' red 6 peak 460
shoulder 310
K/V/Ascorbic/O^^ blue 6 ' peak 780
shoulder 565
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1
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Pig. 57 Krebs cycle
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b.O. CONCLUSION
New vanadium(V) complexes of the formula M CVOCO^Lj 
synthesized with L = malato and citrato ligands where M = K, Cs, 
NH^, Na, with L = tartrato and EDTA where M = K and Cs, repre- 1 
sent a whole new array of oxo-peroxo vanadates(V). The dimer­
ic structure of citrato and malato complexes revealed "by preli­
minary X-ray structure analysis represent a novel and very inter­
esting configuration of oxoperoxo vanadate(V) species.
Facile coordination of V(V) with malic and citric acids, 
which are found as intermediate molecules in the Krebs cycle, 
indicate a possible biochemical, interaction of vanadium in orga­
nisms. Combined with already known information that vanadium
2
concentrates in mitochondria r, and that it interferes with nor-
1 /l
mal glucose metabolism , there is a possibility that the actual 
biochemical mechanism of vanadium involves a direct interference 
in the Krebs cycle, specifically coordinating with citric and 
malic acids. Furthermore, it can be supposed that one of the 
mechanisms by which oxoperoxo complexes of vanadium(V) exhibit 
antitumor activity is again by interfering with the extraordina­
rily high metabolism of neoplastic cellg, thereby decreasing their 
function and growth.
The studies of the complexing behavior of vanadium(V) with 
lactic and ascorbic acids have led to valuable information about 
the potential biochemical functions of vanadium and the ligands 
we have studied. It is well known that lactic and ascorbic acids 
possess a very high reducing capability. Similar behavior obser­
ved in an aqueous environment under our experimental conditions
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indicate a specific function for lactates and ascorbates invol­
ving the reduction of highly toxic V(V) to less toxic V(IV) forms. 
This, in addition, may explain why an excess of ascorbic acid ad­
ministered to laboratory animals counteracts the adverse biologi­
cal side effects caused by an overdose of vanadium. Furthermore, 
there seems to be a ^''failsafe" mechanism within the the biochem­
istry of vanadium. When, the level of vanadium rises too high in 
vivo, reducing agents such as ascorbic , and lactic acids work to 
transform the toxic V(V) to the V(IV) oxidation state. However, 
in an abnormal chemical environment, as in tumor cells with a high 
metabolic rate, vanadium(V) partakes an important role in inhibi­
ting or reducing the abnormal metabolic function.
The formation of oxoperoxo heteroligand vanadates(V) require
ftof heteroligands and specific cations, and a specific range of tem-
I'I perature. At pH or ionic concentrations undesirable for the forma- 
! tion of the complexes, other orange or bright yellow oxo or peroxoi
I vanadates form. At a low pH and/or high temperatures, the peroxo
acid systems, the desired complexes may not form due to the diffi­
culty in overcoming the lattice energy of the very stable oxo and 
peroxo vanadates(V). It is evident that the formation of each oxo- 
peroxocarboxylato vanadate(V) requires specific conditions, and 
any slight deviation from them perturbs the formation and precipi­
tating of the desired complex.
In systems from which stable oxoperoxo heteroligand vanadium \ f
if
(V) complexes have been obtained, the difficulty lies in separa- I®
of pH, a concentration of vanadium, the presence
groups tend to decompose. Accordingly, in malonic and succinic
ting the stable solid state complexes from the aqueous solution. I
1 M
The differences in the stability of complexes in the solid state
complexes are obvious by observing various rates at which the com-
opounds decompose at room temperature, or at about 5 C when refri­
gerated. The stability of the complex’s solution also depends upon 
the type of cations present as seen in the malato system, in which 
the salt decomposes much faster than the other salts.
Qualitatively speaking, the stability of oxoperoxovanadates
(V) in the solid state decreases in the order of EDTA > citrato >
2-malato > tartrato complexes. The charge transfer bands in
the UV/visible spectra of** the aqueous solutions follow the same 
order as observed by a trend in the deviation of ^(max) values:
SYSTEM A  (max) (nm)
EDTA 415, 410
Citrato 4 I 5
Malato 425
Tartrato unresolved
The difficulty in the actual formation and separation of the 
complexes in the solution increase in the order malato < citrato < 
EDTA < tartrato. These properties are not directly related to the 
stability of the V(V) complex polyhedron, since the lattice energy 
of the compounds may be the determining factor.
1^2
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